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Preface to “Nanoparticles for Catalysis” 
Nanoscience emerged in the last decades of the 20th century with the general aim to determine 

those properties that appear when small particles of nanometric dimensions are prepared and stabilized. 
One of the clearest examples of specific properties of nanoparticles (NPs) is the ability to catalyze 
reactions by interacting with substrates and reagents. These unique properties of NPs as catalysts derive 
from the large percentage of coordinatively unsaturated atoms located at the surface, edges and corners of 
the NPs compared to the total number of atoms. Particularly those atoms located at steps, corners and 
edges of NPs exhibit the highest catalytic activity due to their low coordination number and their high 
tendency to increase this number by coordinating with substrates and other species in the surroundings. 

While NPs can be prepared by different procedures, their main drawback is their tendency to 
undergo agglomeration as they increase in size, thereby reducing the energy associated with large surface 
area. One general methodology to circumvent this problem is by adsorbing these NPs on large surface 
area of insoluble solids that by means of strong interactions are able to adsorb NPs on their surface, 
stabilizing them against sintering and growth. In addition to this role, supports can also play an 
additional role in the catalysis providing acidity/basicity or by tuning the electronic density of the NPs. 

The present Special Issue of Nanomaterials falls with the domain of NPs applied to catalysis. In 
their review, Palomo and Filice illustrate the synthesis of metal NPs by reduction of the corresponding 
metal precursors using biomolecules, plant extracts and even microorganisms [1]. The general advantage 
of these methods to form metal NPs is that no chemical reducing agents are employed and, in this sense, 
the synthesis based on the use of biomolecules can be environmentally more benign and sustainable, 
resulting in the generation of fewer chemical residues. In addition, biomolecules can also act as ligands of 
the metal NPs and, in this way, they not only reduce the metal ions to the metallic state, but also 
contribute to the formation of stable suspensions in water or other green solvents. 

As discussed above, the solid support adsorbing NPs should primarily increase the stability of 
otherwise highly reactiveNPs. In their study, Doris and co-workers have used carbon nanotubes (CNTs) 
as scaffolds to deposit a particular organic polymer on which gold NPs can be deposited [2]. Specifically, 
CNTs were covered by the polymer resulting from light-promoted nitrilotriacetic-diyne polymerization 
followed by subsequent Au deposition. The resulting construct has a defined 1D morphology imparted 
by the CNT scaffold and was used to catalyze the aerobic oxidation of hydroxylamines to nitrones. 
Besides thermal oxidations, NPs exhibit interesting properties as photocatalysts. This aspect has also been 
covered in this Special Issue with two contributions showing the activity of small TiO2 for the removal of 
pollutants [3] and for the selective oxidation of benzylalcohol to benzaldehyde [4]. 

In addition to oxidations, NPs, particularly metal NPs, have also general catalytic activity in 
reductions. In one of the articles of this Special Issue, van der Voort and co-workers have encapsulated Pt 
NPs inside the cages of a metal-organic framework (MIL-101-Cr) by atomic layer deposition [5]. Due to 
their internal porosity and crystalline structure, metal-organic frameworks offer confined spaces with 
regular dimensions in which NPs can be stabilized by geometrical constrains. Besides molecular 
hydrogen, other reducing agents such as hydrazine [6], NaBH4 [7–9] and aminoborane [7] can also be 
activated by metal NPs to promote the reduction of different compounds. Nitroaromatics are among the 
preferred model substrates when the purpose is to determine the activity of catalysts, due to the 
possibility to follow the course of the reaction by absorption spectroscopic [7–9]. As in the case of 
oxidations, reductions can also be promoted by light. In one of these examples, Jain and co-workers have 
used a phosphorous-doped carbon nitride semiconductor that has been modified by Ni NPs and this 
system is able to promote light-assisted nitroarene to aniline reductions by using hydrazine as reducing 
agent [6]. 

Supported metal NPs are also suitable for use in the promotion of electrocatalytic reactions. Due to 
their interest in fuel cells, Qi and co-workers have prepared ultra-small size Pt NPs stabilized by 
polyvinylpyrrolidone that have been used as electrodes in methanol oxidation to CO2 [10]. This reaction is 
of great importance for low temperature fuel cells. In a related work, Li and co-workers have shown that 
N-doped TiO2 nanotubes as additives also increase the activity of graphene supported Pt composites in 
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electrocatalytic methanol oxidation [11]. 
Continuing in the domain of renewable energies, NPs also offer considerable advantages with 

respect to other materials for the development of more efficient and cyclable electrodes for batteries. One 
type of battery that is very promising in the future due to high energy density and availability is the Li-O2 
battery. One of the main limitations of this type of batteries is the development of an efficient catalyst for 
the electrochemical reactions involving gas-phase O2 and solid lithium oxides. In this context, Chen and 
co-workers have shown that MnO2 NPs supported on carbon composites exhibit a high catalytic activity 
for oxygen reduction reaction [12], one of the key reactions involved. Similarly, MnO2-doped with Ag 
dispersed in porous carbonaceous matrices are suitable gas diffusion electrodes for this type of batteries 
[13]. 

Overall, the present Special Issue shows the breath of applications and the potential of NPs in 
various fields going from thermal catalysis of liquid and gas phase reactions to photocatalysis using 
visible or solar light and electrocatalysis. In all these fields, the activities of nanomaterials have been found 
to exceed those of other types of particles. The target in this area is to further reduce the particle size, 
while gaining control of the morphology and facet orientation of the NPs, as well as their stabilization, 
without diminishing their activity. Another general challenge is to replace noble and critical metals by 
other abundant base transition metals. These targets will surely be accomplished in the near future. 

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

Hermenegildo García and Sergio Navalón 
Special Issue Editors 

 

References 

1. Palomo, J.M.; Filice, M. Biosynthesis of metal nanoparticles: novel efficient heterogeneous 
nanocatalysts. Nanomaterials 2016, 6, 84. 

2. Shah, N.; Basu, P.; Prakash, P.; Donck, S.; Gravel, E.; Namboothiri, I.N.N.; Doris, E. 
Supramolecular assembly of gold nanoparticles on carbon nanotubes: Application to the catalytic 
oxidation of hydroxylamines. Nanomaterials 2016, 6, 37. 

3. Humayun, M.; Li, Z.; Sun, L.; Zhang, X.; Raziq, F.; Zada, A.; Qu, Y.; Jing, L. Coupling of 
nanocrystalline anatase TiO2 to porous nanosized LaFeO3 for efficient visible-light photocatalytic 
degradation of pollutants. Nanomaterials 2016, 6, 22. 

4. Ouyang, W.; Kuna, E.; Yepez, A.; Balu, A.M.; Romero, A.A.; Colmenares, J.C.; Luque, R. 
Mechanochemical synthesis of TiO2 nanocomposites as photocatalysts for benzyl alcohol photo-
oxidation. Nanomaterials 2016, 6, 93. 

5. Leus, K.; Dendooven, J.; Tahir, N.; Ramachandran, R.K.; Meledina, M.; Turner, S.; van Tendeloo, 
G.V.; Goeman, J.L.; van der Eycken, J.V.; Detavernier, C.; et al. Atomic layer deposition of Pt 
nanoparticles within the cages of MIL-101: A mild and recyclable hydrogenation catalyst. 
Nanomaterials 2016, 6, 45. 

6. Kumar, A.; Kumar, P.; Joshi, C.; Manchanda, M.; Boukherroub, R.; Jain, S.L. Nickel decorated on 
phosphorous-doped carbon nitride as an efficient photocatalyst for reduction of nitrobenzenes. 
Nanomaterials 2016, 6, 59. 

7. Andreou, D.; Iordanidou, D.; Tamiolakis, I.; Armatas, G.S.; Lykakis, I.N. Reduction of nitroarenes 
into aryl amines and N-aryl hydroxylamines via activation of NaBH4 and ammonia-borane 
complexes by Ag/TiO2 catalyst. Nanomaterials 2016, 6, 54. 

8. Zhang, W.; Cai, Y.; Qian, R.; Zhao, B.; Zhu, P. Synthesis of ball-like Ag nanorod aggregates for 
surface-enhanced Raman scattering and catalytic reduction. Nanomaterials 2016, 6, 99. 

9. Shang, H.; Pan, K.; Zhang, L.; Zhang, B.; Xiang, X. Enhanced activity of supported Ni catalysts 
promoted by Pt for rapid reduction of aromatic nitro compounds. Nanomaterials 2016, 6, 103. 



 

ix 

 

10. Ji, W.; Qi, W.; Tang, S.; Peng, H.; Li, S. Hydrothermal synthesis of ultrasmall Pt nanoparticles as 
highly active electrocatalysts for methanol oxidation. Nanomaterials 2015, 5, 2203–2211. 

11. Wang, X.; Li, Y.; Liu, S.; Zhang, L. N-doped TiO2 nanotubes as an effective additive to improve 
the catalytic capability of methanol oxidation for Pt/graphene nanocomposites. Nanomaterials 
2016, 6, 40. 

12. Chin, C.-C.; Yang, H.-K.; Chen, J.-S. Investigation of MnO2 and ordered mesoporous carbon 
composites as electrocatalysts for Li-O2 battery applications. Nanomaterials 2016, 6, 21. 

13. Minguzzi, A.; Longoni, G.; Cappelletti, G.; Pargoletti, E.; di Bari, C.; Locatelli, C.; Marelli, M.; 
Rondinini, S.; Vertova, A. The influence of carbonaceous matrices and electrocatalytic MnO2 
nanopowders on lithium-air battery performances. Nanomaterials 2016, 6, 10. 

 





nanomaterials

Review

Biosynthesis of Metal Nanoparticles: Novel Efficient
Heterogeneous Nanocatalysts

Jose M. Palomo 1,* and Marco Filice 2

1 Departament of Biocatalysis, Institute of Catalysis (CSIC), Marie Curie 2, Cantoblanco, Campus UAM,
28049 Madrid, Spain

2 Advanced Imaging Unit, Spanish National Research Center for Cardiovascular Disease (CNIC),
28049 Madrid, Spain; mfilice@icp.csic.es

* Correspondence: josempalomo@icp.csic.es; Tel.: +34-91-5854768; Fax: +34-91-5854670

Academic Editors: Hermenegildo García and Sergio Navalón
Received: 17 February 2016; Accepted: 26 April 2016; Published: 5 May 2016

Abstract: This review compiles the most recent advances described in literature on the preparation
of noble metal nanoparticles induced by biological entities. The use of different free or substituted
carbohydrates, peptides, proteins, microorganisms or plants have been successfully applied as a new
green concept in the development of innovative strategies to prepare these nanoparticles as different
nanostructures with different forms and sizes. As a second part of this review, the application of their
synthetic ability as new heterogonous catalysts has been described in C–C bond-forming reactions
(as Suzuki, Heck, cycloaddition or multicomponent), oxidations and dynamic kinetic resolutions.

Keywords: metal nanoparticle; biosynthesis; peptides; sugars; proteins; heterogeneous catalysis

1. Introduction

Nanotechnology has experimented a tremendous rise in the last decade [1–4]. In particular, the
design of nanoparticles (NPs) has represented a very promising strategy alternative to conventional
processes, especially of great application in environmental and biomedical problems (such as drug
delivery, imaging, etc.) [5–8].

However, the field of nanocatalysis focused on the use of nanoparticles ashomogeneous or
heterogeneous catalyst has been growth during the last years, [9–13]. The large surface-to-volume
ratio of nanoparticles compared to bulk materials makes them attractive candidates for its use as
catalysts. Especially the preparation and characterization of NPs from noble metals, which constitutes
an important branch of heterogeneous catalysis in the chemical industry, represents an important
challenge. The advantages of a very high superficial area make them excellent catalysts, reducing the
amount of catalyst per gram of product making the process more sustainable. These NPs are synthesized
by chemical methods in such a way to obtain good amounts, controlling the size and the form of the
NPs [14–16]. However, in most cases hazardous conditions are used, toxic solvent, high amounts of
energy (200 ˝C), which reduce a possible industrial implementation of this nanocatalyst. Most of
these methods are still in the development stage and problems are often experienced with stability
of the prepared nanoparticles, control of the crystal growth and aggregation of the particles [14–16].
Therefore the design of new synthetic approaches which considering an easy, rapid and sustainable
strategy represents an important issue.

In recent years, a number of new green strategies have been described in literature. They are
based on the capacity of biomolecules to induce the formation of these nanoparticles, sometimes even
controlling the size and the structural form, and avoiding aggregation problems [17–27].

In this way, small molecules such as monosaccharides (glucose or galactose), or aminoacids and
short peptides has been used as reducing agent for in situ creation of these metallic nanoparticles [17–21].
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In addition, in a more precise way, the application of more complex biomolecules such as proteins
or even microorganisms have been successfully applied to create nanoparticles and also hybrid
systems with very high potential catalytic properties [23–26]. Bionanostructures, in which an enzyme is
specifically encapsulated in a nanocluster or immobilized on biofunctionalized nanoparticles [10] are
another category of catalysts with excellent features in cascade reactions. In particular, heterogeneous
enzyme´metal nanoparticle nanohybrids with multiple catalytic activies are interesting in organic
synthesis.

In this review, an overview of the recent advances on these new biosynthetic strategies and the
use of the formed nanoparticles as catalyst in chemical processes is shown.

2. Synthesis of Metal Nanoparticles Induced by Glucosides

The most recent strategies targeting the synthesis of metallic nanoparticles have expected the
introduction of green methodologies. In this sense, the use of glycosides avoids the necessity to apply
toxic materials.

Thus, green synthesis of NPs induced by glucose and different glycopyranosides has been
successfully reported [18,19,28]. In this case, very interesting results were found in the synthesis of
gold nanoparticles (AuNPs) using eight different glucose derivatives [27].

A room temperature and easy synthetic method of AuNPs was developed using auric acid,
sodium hydroxide and different glycosides as reducing agent (Figure 1).

Figure 1. Synthesis of gold nanoparticles (AuNPs) induced by different glucose derivatives.

Eight sugar-containing reductants were used for comparison. C-6 position of glycosides was
oxidized to a carboxylic acid during the reduction of auric acid in the formation of AuNPs in the case
of sugars substituted at the anomeric carbon/position (Figure 1). In the case of glucose or glucuronic
acid (COOH in C-6), the NPs formation may be due to the oxidation of an aldehyde generated via
anomerization. In this way, this explains why the synthesis in the presence of the glucuronic acid
derivatives substituted at the anomeric position did not work (Figure 1).

Furthermore, significant differences in the final yield in AuNPs and especially the form and the
size of the nanoparticles obtained by high resolution transmission electron microscope (HRTEM) (from
8 to 27 nm) depended on the sugar derivative (Figure 2).

The use of 1-phenyl or 1-methyl-β-glucopyranoside gave the highest synthetic yield (>99%) of
homogeneous mono-dispersed round gold nanoparticles (13.15 nm, or 10.95 nm respectively), whereas

2



using glucose or glucuronic acid the synthesized AuNPs showed multiple forms (16 and 8.8 nm).
In the presence of arbutin, nanoparticles showed an amorphous form (27.4 nm) (Figure 2).

Figure 2. Characterization of the glucoside-induced AuNPs by high resolution transmission electron
microscope (HRTEM).

Therefore, this work shows how the size and the form of gold nanoparticles can be controlled
by using different sugars as additives. This aspect is of special interest for example in the case of
ultrasmall nanoparticles, where their colloidal stability can be affected by these small size differences,
underscoring the importance of particle uniformity in nanomedicine [28].

These strategies could be also extended with other metals and also using other sugars derivatives
with different degree of hydrophobicity by substitution in the anomeric and other positions.

In a recent approach, AgNPs were synthesized using aqueous extract of Clerodendron serratum
leaves, which have high contents of polyphenol glycosides and quercetin 3-O-β-D-glucoside [29].

This glucose derivative caused the reduction of the silver ions of silver nitrate in 30 min at room
temperature, forming spherical AgNPs with the size range of 5–30 nm (Figure 3A). In addition, the strategy
of using glycosides has been successfully used in the preparation of mesoporous nanostructures [30].

Mesoporous silica-coated silver nanoparticles (Ag@MSN) have been prepared by a two mild
step synthesis. Glucose was used as reducing agent for silver ions whereas arginine was used for the
formation of silica. The nanostructure presented single Ag nanoparticles as cores of diameter ca. 30 nm
surrounded a silica shell (thickness of ca. 30–40 nm), with a total average particle size (ca. 110 nm)
(Figure 3B).
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Figure 3. TEM image of different AgNPs. (A) AgNPs; (B) Mesoporous silica-coated silver nanoparticles
(Ag@MSN) coated on a silicon substrate.

Another interesting example is the creation in situ of glycosylated functionalized gold
nanoparticles [31].

In this case, the glycoside acted as reducing agent but also is a specific moiety for particle
functionalization. A glycopolymer (cellulose) was activated in the anomeric position by thiosemicarbazide
producing glucoside thiosemicarbazone (Figure 4A). This activated sugar combined with an
aqueous N-methylmorpholine N-oxide (NMMO)-a molecule which permits the solubilization of the
water-insoluble cellulose- and a dilute aqueous HAuCl solution finally producing glyco-AuNPs. TEM
analysis confirmed the formation of AuNP aggregates with primary sizes of ca. 10–20 nm in diameter
(Figure 4B). Same protocol was used to successfully synthesize glyco-AgNPs with distribution size of ca.
5–30 nm diameters.

The combination of NMMO-mediated GNP synthesis and immobilization of sugar reducing ends
to an Au˝ matrix, allowed the design of a diverse array of carbohydrate-GNP conjugates by tailoring
the functional sugars, e.g., cellulose, chitin, chitosan, maltose and lactose [18].

Figure 4. Synthesis of glycosylated AuNPs. (A) Synthetic scheme; (B) TEM image of glyco-AgNPs.

3. Biosynthesis of Metal Nanoparticles by Peptides

The synthesis of biocompatible metal nanoparticles can be performed by using peptides as
multifunctional reagents (reducing and capping agents) under mild conditions [32–36]. The large
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diversity of peptides available provides a new opportunity to organize, interact, and direct the shape,
size, and structure evolution of the metal nanoparticles in more varied and innovative ways. In some
cases these peptides also show the capability to reduce metal ions and to template the crystal growth
of the metal nanoparticles [37].

The use of a short conjugated peptide, such as a biotinylated di-tryptophan peptide was applied
by Mishra and coworkers for the one-pot synthesis of stable gold nanoparticles [32]. The tryptophan
dipeptide stabilized the NPs generated with an average size between 4 and 6 nm. Furthermore,
self-assembled superior and ordered nanostructures of variable size were afforded where the AuNPs
were scattered inside the biotinylated spherical scaffold in a controlled manner (Figure 5).

Figure 5. Self-organized AuNPs on the surfaces of biotin-Trp-Trp scaffold.

In another strategy, Giese et al. have recently described the synthesis of AgNPs under electron
transfer conditions [33]. Ag+ ions are bound by a peptide including a histidine (Figure 6A) as the
Ag-binding amino acid, and a tyrosine as a photo inducible electron donor. The presence of chloride
ions was necessary for the final formation of AgNPs, which occur on AgCl microcrystals in the
peptide matrix. In this way, by controlling the irradiation times, the formation of Ag@AgCl/peptide
nanocomposites with a sized of 100 nm at the beginning of the process was obtained, which are cleaved
after time finally generating the AgNPs with a diameter of 15 nm (Figure 6).

Figure 6. Synthesis of AgNPs. (A) Peptide structure; (B,C) TEM pictures Ag+-peptide complex after
different irradiation times, t = 30 s and t = 30 min, respectively.

Tekinay and coworkers described the design and application of a multidomain peptide for
single-step, size-controlled synthesis of biofunctionalized AuNPs (Figure 7) [34]. Size-controlled
synthesis of AuNPs with this peptide was possible due to the 3,4-dihydroxy-L-phenylalanine (L-DOPA)
functional group, a residue known for its reductive role. The authors showed DOPA coupled its
oxidation to the reduction of Au (III) ions, thereby leading to the formation of biofunctionalized
AuNPs. Hence, the DOPA-mediated peptide design enables concerted one-pot reduction, stabilization
and functionalization of resulting AuNPs whereby no additional reagent or reaction is needed.
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Figure 7. Synthesis of Biofunctionalized AuNPs. (A) Peptide and scheme of NPs formation; (B) TEM
images of the AuNPs.

4. Bio-Inspired Synthesis of Nanoparticles by Proteins

Among these strategies, the employment of microbial enzymes for nanoparticle synthesis is a
new field with growing importance. In fact, considering that various enzymes have different capacities
for synthesis of nanoparticles in a wide set of shapes and sizes, it is very important to find suitable
enzymes for such purposes and improve the method for optimal nanoparticle production. Conversely,
nanoparticles obtained by cell-based methods forcefully bind to the microbial biomass resulting
in high-cost laborious steps of separation and purification of nanoparticles from microbial cells.
In this line, many examples have been reported in literature. For example, Cholami-Shabami et al.
developed a cell-free viable approach for synthesis of gold nanoparticles using NADPH-dependent
sulfite reductase purified from Escherichia coli. [38] Highly stable gold nanoparticles were produced
by reductive process after application of the sulfite reductase to an aqueous solution of AuCl4´.
The enzymatically synthesized gold nanoparticles showed strong inhibitory effect towards the
growth of various human pathogenic fungi [38]. Another interesting approach was developed by
Kas and coworkers permitting the achievement of nanosilica-supported Ag nanoparticles by means
of a biosynthetic protocol (Figure 8) [39]. After immobilizing a protein extract proceeding from
Rhizopus oryzae on the surface of a nanosilica structured support, the authors carried out the synthesis
of AgNPs using this biohybrid as host for the growth of AgNPs on its surface. In the proposed
in situ synthetic process, the Ag+ ions-proceeding from an AgNO3 solution as metal precursor-
were considered to be rapidly adsorbed on negatively charged protein surfaces through electrostatic
interaction. The reduction of Ag+ ions and the subsequent formation of AgNPs was due to the electron
transfer between the metal ions and the functional groups of proteins.
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Figure 8. Synthesis of Ag-biohybrid. (A) Scheme of the formation of the nanostructure; (B) TEM of
Ag-nanohybrid. Reproduced with permission from [39]. Copyright the Royal Society of Chemistry, 2013.

Following this research line, a novel type of heterogeneous hybrid nanocatalysts, composed by
metal NPs embedded in an enzymatic net, was generated in situ under very mild reaction conditions
from the simple mixture of lipase from Candida antarctica fraction B (CAL-B) with a homogeneous
aqueous solution of a noble metal salt (Ag+, Pd2+, or Au3+) (Figure 9) [22,40].

Figure 9. Preparation of metal bionanohybrids.
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This new hybrid nanocatalysts combines metallic and enzymatic catalytic activitie. The use of
an enzyme in the methodology permitted the generation of small metal NPs (e.g., around 2 nm core
size for Pd NPs) without the need for any external reducing agent, exploiting the reductive ability of
the biomacromolecule (biomineralization), which moreover remains catalytically active at the end of
the synthesis [22,40]. Based on the same general bio-based strategy, Das et al. reported an interesting
biosynthetic route for cost-effective productions of various metal NPs (Pd, Pt, and Ag) on the surface
of fungal mycelia [41]. The metal NPs were synthesized through an electrostatic interaction of metal
ion precursors, followed by their reduction to nanoparticles by surface proteins finally decorating
the mycelia surface in a homogeneous way. It results worth of note as, by means of this strategy, the
size and shape varied depending on the metal NPs. In fact, “flower”-like branched nanoparticles
were obtained in the case of Pd and Pt, while Ag produced spheroidal nanoparticles, this structural
characteristic is a key-element of their catalytic activity which is assessed in hydrogenation and Suzuki
C–C coupling reactions in aqueous solution [41].

Even engineered proteins were revealed to be useful in the synthesis of precise and highly
functionalized metal nanoparticles. For example, a small variant of protein A has been used as
biotemplate in the one-step synthesis and biofunctionalization of AuNPs [42]. This biotemplate is
composed by a thiolate ligand capable of interacting with the AuNP surface and controlling the
nanoparticle nucleation and growth, thus allowing the nanoparticle size to be finely tuned. This crucial
feature clearly resulted as key-advantage of this approach, which allow for high-quality AuNPs to be
obtained in the water phase, and therefore avoiding the transfer from organic solvents, which usually
results in a lack of long-term stability [42].

Moving a step over the well-known strategy based on the creation of metallic nanoparticles inside
the cavity of hollow protein (i.e., ferritin), Jang and coworkers described the synthesis of thin-walled
(ca. 40 nm) SnO2 nanotubes functionalized with catalytic Pt and Au nanoparticles via a protein
templating route [43]. After the creation of metal NPs inside the cavity of an apoferritin template
via NaBH4 reductive strategy starting from metal salt precursors, as the prepared hybrids catalysts
were used to decorate both the interior and exterior surfaces of the thin-walled SnO2 nanotubes.
After calcination, the protein cage was eliminated leaving a well-dispersed layer of catalytic metal
nanoparticles immobilized on nanotubes surface. Such a uniform surface distribution, resulting from
the repulsion between the proteic cages before their calcination, granted a final very high surface
area-to-volume ratio leading to superior catalytic performances for example in gas sensing [43].

5. Biosynthesis of Metal Nanoparticles by Microorganisms

Apart of the use of small molecules or even proteins, the use of entire biological units as
prokaryotic or eukaryotic microorganisms have been employed for the preparation of nanoparticles of
different metals (Au, Ag, Cd, Pt, Zn, Fe3O4) under moderate pressures and temperatures [44–47].

Microorganisms are capable of adsorbing and accumulating metals. They also secrete large
amounts of enzymes, which are involved in the enzymatic reduction of metals ions [48,49]. Microbial
synthesis of metallic nanoparticles can take place either outside or inside the cell [44], producing metal
NPs, which have characteristic features similar to nanomaterials, which are synthesized chemically [14].
The localization, size or shape of the nanoparticles depend on the microorganism specie used [44].

In this way, the production of metal nanoparticles by fungi is one of the most successful
strategies [42,50–53].

For example, in one of the cases, the fungus Aspergillus japonica was used for the reduction of Au
(III) into Au NPs. Spherical and well distributed on fungal mycelia particles were found. The size
of the particles ranges predominantly between 15 and 20 nm. Furthermore, the nanoparticles were
simultaneously immobilized on the fungus surface creating a heterogeneous hybrid with interesting
catalytic properties [50].

Another example of the use of fungus was described by Loshchinina and coworkers [51].
The authors described the synthesis of AuNPs by the fungus Basidiomycete lentinus edodes. TEM
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experiment demonstrated the formation of spherical Au(0) nanoparticles inside the mycelia cells
mostly of 5 to 15 nm with minor part of 30 to 50 nm diameter. An Au distribution map was obtained
that supported these electron-dense formations to be intracellular Au nanoparticles.

This is also the first time that fungal intracellular phenol-oxidizing enzymes (laccases, tyrosinases,
and Mn-peroxidases) have been involved in Au reduction to give electrostatically stabilized
colloidal solutions.

Also the preparation of AuNPs has been described by Gupta and coworkers using in this case the
fungus Trichoderma sp. [52]. The biosynthesis of the nanoparticles was rapid at 30 ˝C using cell-free
extract of the Trichoderma viride, producing extracellular AuNPs with particle size of 20–30 nm. Using
Hypocrea lixii the synthesis was similar but at 100 ˝C, obtaining smaller nanoparticles (<20 nm).

The use of recombinant E. coli expressing a tyrosinase from Rhizobium etli has been described
as interesting green strategy to synthesize gold nanoparticles [54]. Tyrosinase is an important
enzyme in biology involved in production of melanin. The catalytic function is the oxidation of
L-tyrosine to 3-(3,4-dihydroxyphenyl)-L-alanine (L-DOPA) and further to dopaquinone and melanin.
In particular, eumelanin–natural pigment, which contains carboxyl, amine, hydroxyl groups, quinone
and semiquinone groups–was used as agent to reduce the metals ions. In the presence of L-DOPA and
gold ions, exogenous AuNPs were formed (Figure 10A). The absence of L-DOPA failed in the formation
of AuNPs, demonstrating that the presence of eumelanin (generate by the enzyme with L-DOPA) is
critical for the nanoparticles formation (Figure 10B). In the absence of gold ions, the transformation of
L-DOPA to eumelanin was observed (Figure 10C). The TEM analysis demonstrated that the AuNPs
showed a particle size average of around 12 nm (Figure 10D). The strategy was successfully applied to
other metals obtaining NPs with a particle size between 7 and 13 nm [53].

Figure 10. Eumelanine from tyrosinase induced the synthesis of gold nanoparticles. (A) TEM image
of R. etli cell in the presence of 3-(3,4-dihydroxyphenyl)-L-alanine (L-DOPA) and Au ions; (B) TEM
image of R. etli cell in the presence of Au ions; (C) TEM image of R. etli cell in the presence of L-DOPA;
(D) TEM of the synthesized AuNPs. Reproduced with permission from [53]. Copyright the Royal
Society of Chemistry, 2014
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6. Biosynthesis of Metal Nanoparticles by Plant Extracts

Another strategy used for preparation of biosynthetic green metal nanoparticles is based on the use
of extract of different plants. These contain a wide amount of natural products such as polyphenylols,
alkaloids, flavonoids and terpenoids (reducing and stabilizing agents), which induced the final
formation of the nanoparticles. An interesting review article about that has been published recently by
Banerjee and coworkers [24] and no extended description of this strategy will be present here.

However, we would like to emphasize two very recent works in the preparation of mono and
bimetallic nanoparticles [12,54].

The first describes the synthesis of platinum nanoparticle (PtNP) aqueous colloid by utilizing black
wattle tannin (BWT), a typical plant polyphenol (Figure 11) [54]. The hydroxyl groups of this molecule
act as reducing agent but also as stabilizers and protecting the PtNPs from deactivation caused by
oxygen atmosphere. The aromatic framework of BWT prevents the aggregation of the nanoparticles in
contrast with the use of the most hydrophilic organic small molecules. Stable heterogeneous metallic
nanoparticles under mild conditions can be then obtained by this method. Different amount of BWT
were tested showing that only when 15 mg of BWT was added, completely monodispersed Pt small
nanoparticles (ca. 1.8 nm diameter size) were formed (Figure 11B).

Figure 11. Synthesis of Pt nanoparticles induced by black wattle tannin (BWT). (A) Scheme of the
formation of PtNPs by BWT; (B) TEM image of synthesized PtNPs using 2 mg of BWT; (C) TEM image
of synthesized PtNPs using 15 mg of BWT. Reproduced with permission from [54]. Copyright the
Royal Society of Chemistry, 2016.

The second example refers to the synthesis of Fe, Pd and Fe-Pd bimetallic nanoparticles using the
medicinally potent aqueous bark extract of Ulmus davidiana [12]. As shown in the previous case, the
polyols present in the plant were responsible for reducing and capping of the nanoparticles. The NPs
preparation was achieved using aqueous solution of Ulmus adding firstly Fe2O3, PdCl2 or the bimetallic
iron oxide and then the palladium chloride at 60 ˝C. The three sort NPs showed different diameter size
determined by TEM. Spherical FeNPs showed 50 nm or PdNPs with 5 nm-sized were obtaining using
a unique metal in the synthesis. On the bimetallic, the PdNPs were adsorbed on the outer surface of
the FeNPs (Figure 12A). The distribution size were 3–7 nm of Pd clustered around 30–70 nm of FeNPs
(Figure 12B).
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Figure 12. Characterization of Fe-Pd NPs synthesized by Ulmus davidiana. (A) TEM image of Fe-Pd
NPs; (B) Particle size distribution histogram. Reproduced with permission from [12]. Copyright the
Royal Society of Chemistry, 2015.

7. Application of the Biosynthesized Metallic NPs as Nanocatalysts

Beside the description of the metal NPs preparation, the different methods presented above have
been tested on the reduction of p-nitrophenol to p-aminophenol as general model reaction in order to
assess the catalytic properties of generated nanobiocatalysts.

As representative example, the catalytic constant (k) and the turnover frequency (TOF) of that
reaction using the CAL-B-Pd biohybrid were calculated, retrieving excellent k and TOF values
(0.6 min´1 and almost 150 min´1, respectively). The TOF value was the highest described in the
literature for this reaction at that moment [22].

In parallel to the model aryl-amine synthesis, some of the previous synthesized heterogeneous
catalysts have been successfully used in different typology of complex reactions.

Thus, the bimetallic nanoparticles formed by Fe and Pd represented a catalyst magnetically
recyclable and reused in [3 + 2] cycloaddition reaction [12] (Figure 13). These Fe-Pd NPs displayed
better catalytic activity, with final isolated yields from 89% to 98% for the synthesis of 12 different
naphtha[1,2-b]furan-3-carboxamides and benzofuran-3-carboxamides compared to their respective
monometallic nanoparticles (Figure 13).

Figure 13. Synthesis of substituted carboxamides catalyzed by Fe-Pd NPs nanocatalyst.

Advantages of this heterogeneous nanocatalyst were an easy recovery using an external magnetic
field, and recycling (maintaining almost complete activity after 5 times).

Another interesting example of practical usefulness is represented by the BWT-Pt colloid
catalyst [54]. This nanocatalyst showed interesting activity in a series of biphasic oxidation of aromatic
alcohols and aliphatic alcohols under mild aerobic conditions in aqueous media. The results were
from moderate yields, for alkyl compounds, to high yield, for aromatic alcohols. The best results were
obtained in the oxidation of phenylmethanol and 1-phenylethanol with more than 80% yield of product
(Figure 14). The nanocatalyst was very stable and no decrease in the oxidative activity was observed
after seven cycles.
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Figure 14. Oxidation of phenylalcohols by BWT-PtNPs.

The synthesis of propargylamines by a multi-component reaction has been successfully catalyzed
by means of the gold-NPs-fungal hybrid bionanocatalyst [46]. These bioNPs produced different
propargylamines by an A3 coupling process, a very interesting synthetic way to produce heterocyclic
frameworks [55].

The high versatility of the nanocatalyst was demonstrated and over 80% yields of various
propargylamine derivatives were obtained using a variety of aromatic aldehydes (R = H, CH3, Cl)
coupled with secondary amine and alkynes after 24 h (Figure 15). In addition, this heterogeneous
hybrid showed good recyclability.

Figure 15. Multicomponent reaction catalyzed by AuNPs Hybrid.

The Pd-lipase bionanohybrid described before was successfully applied as excellent heterogeneous
catalysts in C–C bond reaction [22]. This resulted in an extremely active Pd-catalyst in the Suzuki
reaction, forming the biphenyl in >99% conversion using ppb of catalyst (Figure 16). Furthermore,
the reaction was performed in pure water so making this organic reaction a green chemical process.
A recyclable catalyst was obtained, used five times conserving almost the activity intact.

The particular advantage of this catalyst is that it conserved the native enzymatic activity, so it
was successfully applied in the dynamic kinetic resolution of rac-phenylethylamine in organic solvent,
a tandem catalytic process (both enzymatic and Pd catalysis acting at the same time) (Figure 16).
The bionanohybrid quantitatively produced the enantiopure (R)-benzylamide with ee > 99%. Even in
this case, the recyclability of the catalyst was excellent.

Finally, also the previously described “flower”-like branched Pd nanoparticles were used as
heterogeneous catalyst in the Suzuki reaction of formation of biaryl with satisfactory results (99%
conversion) [41].
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8. Conclusions

In conclusion, this review showed the most recent different strategies used for the biosynthesis of
metal nanoparticles. The application of biological entities represents an interesting and green solution
for the environmentally friendly synthesis of these nanoparticles. The use of enzymes as biomolecule
permits the design of more precise nanostructures for many interesting chemical applications and it
allows combination of one or more metallic activities together with enzymatic catalytic ones (excellent
for cascade processes). Therefore, the development of newer and more efficient bio-methodologies
for the creation of nanobiohybrids will be a future issue. Together with that, the reviewed examples
showed also the excellent catalytic application of these heterogeneous nanocatalysts demonstrating
the tremendous potential of their use in organic synthesis.
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Abstract: A supramolecular heterogeneous catalyst was developed by assembly and stabilization of
gold nanoparticles on the surface of carbon nanotubes. A layer-by-layer assembly strategy was used
and the resulting nanohybrid was involved in the catalytic oxidation of hydroxylamines under mild
conditions. The nanohybrid demonstrated high efficiency and selectivity on hydroxylamine substrates.
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1. Introduction

Besides stoichiometric approaches that are routinely used for the oxidation of organic
substrates [1,2], catalytic processes have also been devised to perform selective oxidation reactions [3].
With heterogeneous catalytic systems, obtained by assembling the metallic catalysts on a solid support,
facile reclaim and reuse of the catalytic species can be achieved [4]. Among the various platforms used
as supports, allotrope forms of carbon, in particular carbon nanotubes (CNTs), have been shown to
provide some key advantages [5]. The latter include chemical, thermal, and mechanical stability, high
specific surface area, inertness, and adjustable topography. CNTs are also able to act in a synergistic
fashion to enhance the performances of the supported catalytic metal [6,7]. With these features in mind,
we sought to develop a catalyst that could catalyze some oxidation reactions under mild conditions of
temperature and pressure using low catalytic loadings. Herein, we report the assembly of a CNT-gold
nanohybrid catalyst and its application to the selective oxidation of hydroxylamines into either nitroso
or azoxy derivatives.

2. Results and Discussion

2.1. Assembly of the AuCNT Nanohybrid

Although gold has long been regarded as a poor catalytic metal, its nanosized forms [8], including
supported ones [9,10], have recently been shown to be able to catalyze a wide array of chemical
transformations. Our CNT-gold catalyst was built using a layer-by-layer approach that was adapted
from our previous work [11–23]. Carbon nanotubes were first dispersed in an aqueous solution
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by ultrasonication in the presence of an amphiphilic nitrilotriacetic-diyne (DANTA) surfactant.
This first step led to the non-stochastic assembly of the amphiphilic units on the CNT surface and
to the formation of supramolecular structures with a nanoring-like shape (Figure 1a,c). This type
of well-ordered supramolecular assembly on CNTs was first reported in 2003 [24]. Amphiphilic
DANTA adsorbed at the surface of the nanotubes by hydrophobic interactions while its hydrophilic
polar head was pointing toward the aqueous medium. The rings were polymerized by ultraviolet
(UV) irradiation in a second step. In fact, irradiation of the sample for 6 h at 254 nm led to a
topochemical polymerization of the diyne motif incorporated in the hydrophobic part of the starting
amphiphile [25,26]. Polymerization takes place within individual half-cylinders and strengthens the
cohesion of the assembly. After UV irradiation, the DANTA-decorated nanotubes became resistant to
dialysis against water and to ethanol washes, indicating that the lipid assemblies had been polymerized.
The second layer was thereafter deposited by stirring the suspended nanotubes with a cationic polymer,
poly(diallyldimethylammonium chloride) (PDADMAC), which adsorbed on the nanotube’s surface
by electrostatic interactions with the primary anionic layer. The double-coated CNTs were then
recovered by centrifugation before the final deposition of gold nanoparticles (AuNPs). The latter were
prepared in parallel by reduction of HAuCl4 in the presence of tetrahydroxymethylphosphonium
chloride [27]. The colloidal suspension of gold nanoparticles (AuNPs) was then sequentially added to
the coated CNTs in which the polyammonium network provided robust anchoring and stabilization of
the metallic nanoparticles (Figure 1b,d). The AuCNT nanohybrid was finally suspended in water and
used for the catalysis of the reported reactions.

 
Figure 1. (a) Schematic representation of nitrilotriacetic-diyne (DANTA) nanoring polymerization on
the carbon nanotube (CNT) surface; (b) Schematic representation of the final stages of the AuCNT
synthesis; (c) Transmission electron microscopy (TEM) image of polymerized DANTA nanorings on
CNT (negative staining); (d) TEM image of the AuCNT final catalyst.

2.2. Characterization of the AuCNT Nanohybrid

Transmission electron microscopy (TEM, Philips CM12 microscope, Amsterdam, the Netherlands)
indicated that the AuNPs were of spherical shape. The average size of the supported nanoparticles
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was measured using TEM pictures. Statistical measurement indicated that the supported AuNPs had
an average diameter of ca. 3 nm (Figure 2a). The metal content of the aqueous AuCNT suspension
was determined by inductively coupled plasma mass spectrometry (ICP-MS) ([Au] = 1.2 mM). Finally,
the metallic character of the supported gold nanoparticles was established by X-ray photoelectron
spectroscopy (XPS, VG ESCALAB 210 spectrometer, Waltham, MA, USA) analysis which showed
characteristic Au 4f-binding energies contributions of Au [28] (Figure 2b).

Figure 2. (a) Size distribution obtained from the measurement of 250 gold particles; (b) X-ray
photoelectron spectroscopy (XPS) analysis (Au 4f core level) of the AuCNT nanohybrid.

2.3. Oxidation of Hydroxylamines with the AuCNT Nanohybrid

With the gold-based nanohybrid in hand, we investigated its potential in the aerobic oxidation
of hydroxylamines. In the latter transformation, we expected the formation of the corresponding
nitroso derivatives [29]. The nanohybrid-catalyzed oxidation of tert-butyl hydroxylamine (1a) in
CHCl3/H2O afforded tert-butyl nitroso compound 1b in 81% yield after 12 h of reaction (Table 1,
Entry 1). The use of a binary solvent mixture permitted us to increase the rate of the reaction and
afforded a more selective transformation. The reaction of N-cyclohexylhydroxylamine (2a) also cleanly
produced nitrosocyclohexane (2b) in 83% yield (Entry 2). It is noteworthy that no isomerization of
nitrosocyclohexane (2b) into the corresponding cyclohexanone oxime was detected. This result is to be
noted since tautomerization of nitroso compounds to oximes is classically observed when working
with substrates carrying Cα-protons. The reaction of aliphatic substrates thus satisfactorily provided
access to nitroso compounds in high yields, but aromatic hydroxylamines did not behave similarly.

Table 1. Oxidation of various hydroxylamines with AuCNT [a].

a

oxidized product bR
H
N OH

AuCNT

Entry Substrate a Product b Yield (%)

1 81 [b]

2 83 [b]
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Table 1. Cont.

Entry Substrate a Product b Yield (%)

3 96 [c]

4 98 [c]

5 92 [c]

6 94 [c]

7 NR – [c]

[a] Conditions: N-hydroxylamine (0.1 mmol), AuCNT (0.5 mol %), K2CO3 (0.2 mmol), room temperature under
air. [b] Reaction time 12 h, CHCl3/H2O (1:1, 2 mL). [c] Reaction time 2 h, CHCl3 (2 mL).

For example, the reaction of phenylhydroxylamine (3a) with AuCNT in CHCl3 gave a dimeric
product in the form of the azoxy derivative 3b in 2 h only (Entry 3). It is noteworthy that the
binary solvent system was not required in the case of aromatic hydroxylamine substrates. A possible
mechanism for the conversion observed in entry 3 (formation of the azoxy compound) could involve
the oxidation of phenylhydroxylamine (3a) into the corresponding nitroso derivative 3a’ (Scheme 1).
As 3a’ accumulates in the solution, its condensation with the unreacted phenylhydroxylamine (3a)
leads to the formation of azoxy derivative 3b, after the elimination of a molecule of water.

Scheme 1. Postulated mechanism for the formation of azoxy compounds.

The same type of reactivity was also evidenced for other aromatic substrates such as
4-chlorophenylhydroxylamine (4a, Entry 4) and 4-fluorophenylhydroxylamine (5a, Entry 5). Indeed,
we detected the formation of azoxy dimers 4b (98% yield) and 5b (92% yield) starting from
compounds 4a and 5a, respectively. The transformation worked equally well on benzylhydroxylamine
(6a) in 94% yield (Entry 6) but failed on the more hindered 2,6-dimethylphenylhydroxylamine (7a,
Entry 7) which remained unaffected.
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2.3.1. Recycling of the AuCNT Nanohybrid

To assess the recyclability of the AuCNT nanohybrid, multiple oxidation cycles were carried out by
successive reuse of the same sample of catalyst. A classical oxidation reaction was set using the general
procedure described above which was applied to N-phenylhydroxylamine (3a). After completion,
the catalyst was recovered by centrifugation, and the supernatant was worked up. The catalyst was
washed with tetrahydrofuran (THF) and reused in subsequent oxidation reactions. This process was
repeated over five consecutive cycles and showed no significant decrease in yields of oxidized azo
product 3b (Table 2). After the fifth run, TEM analysis showed no major alteration of the nanohybrid
morphology. The use of non-supported AuNPs provided lower yields of product and the catalyst
could not be recycled.

Table 2. Recycling of AuCNT for the oxidation of N-phenylhydroxylamine.

Entry AuCNT Yield (%)

1 fresh 96
2 1st reuse 93
3 2nd reuse 91
4 3rd reuse 93
5 4th reuse 94

2.3.2. Is AuCNT a Heterogeneous Catalyst?

The involvement of the nanohybrid in the oxidation process was demonstrated by the following
experiment. A standard oxidation reaction of N-phenylhydroxylamine (3a) was run and, after 45 min,
split into two. At this stage, approximately 50% conversion of 3a into the corresponding azoxy
derivative 3b was detected by 1H-NMR (Bruker Avance DPX 400 MHz spectrometer, Billerica, MA,
USA). The AuCNT catalyst was removed by centrifugation in one sample, whereas it was left in
the other. Both reactions were further stirred for additional time before analysis. While the reaction
was nearly quantitative (ca. 95% yield) in the AuCNT-containing sample, no further conversion
was detected in the absence of the nanohybrid. These observations confirmed that oxidation of
N-phenylhydroxylamine (3a) occurred at the surface of the AuCNT nanohybrid which acted as
a solid catalyst [30] and whose performances are comparable to that of a previously developed
rhodium-carbon nanotube catalytic system [23].

3. Experimental Section

3.1. Assembly of the Nanohybrid

Amphiphilic DANTA (20 mg) was dissolved in 2 mL of 25 mM pH 8 aqueous Tris-buffer before
multiwalled carbon nanotubes (50 mg) were added. The dispersion was sonicated and the stable
suspension transferred into two tubes. The tubes were centrifuged at 5000ˆ g and the supernatants
were collected. The latter were centrifuged at 15,000ˆ g for 45 min. The supernatant was discarded
and the pellets taken in buffer and centrifuged again at 15,000ˆ g for 45 min. The pellets were finally
resuspended in 1.5 mL of buffer and submitted to UV irradiation at 254 nm for 6 h.

After polymerization, the buffer volume was adjusted to 1.5 mL. The suspension was stirred in
the presence of the cationic polymer PDADMAC (700 μL of a 20% water solution) for 1 h. The ensuing
centrifugation at 15,000ˆ g for 30 min permitted to get rid of the polymer in excess. The pellets were
taken in 2 mL of buffer. This operation was repeated twice using the buffer solution and two more
times using pure water.
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The final pellets were resuspended in 1 mL of water. Then 50 μL of the latter suspension was
transferred to Eppendorf® tubes (ˆ20). To each tube was added 1 mL of a 1 mM colloid suspension of
the gold nanoparticles [27] and the mixture was vortex-stirred at room temperature for 1 min every
30 min (during 4 h). The suspension was then centrifuged at 3000ˆ g for 5 min. The supernatant
was discarded and 1 mL of a fresh gold colloid suspension was added. The same process was
repeated two more times. The pellets were washed three times by centrifugation/redispersion in water.
The 20 pellets were combined and 4 mL of water was finally added.

3.2. Procedure for the Oxidation of Hydroxylamines

A typical procedure is given for the oxidation of N-cyclohexylhydroxylamine 2a. Under air,
to a stirred solution of N-cyclohexylhydroxylamine hydrochloride (2a.HCl, 0.1 mmol) in 2 mL of
CHCl3/H2O (1:1) was added K2CO3 (2 equivalents) and 0.5 mol % of the suspension of the AuCNT
catalyst. The reaction mixture was stirred at room temperature for 12 h. The aqueous layer was
extracted with CHCl3. The combined organic layer was dried over anhydrous Na2SO4, filtered, and
concentrated under vacuum. The crude residue was purified by column chromatography to afford
nitroso-cyclohexyl amine 2b in 83% yield. 1H-NMR (400 MHz, CDCl3) δ (ppm) 5.07 (triplet of triplet,
J = 3.8 Hz, J = 11.6 Hz, 1H), 1.97–1.94 (multiplet, 2H), 1.89–1.86 (multiplet, 2H), 1.69–1.65 (multiplet,
2H), 1.43–1.31 (multiplet, 2H), 1.28–1.20 (multiplet, 2H); 13C-NMR (100 MHz, CDCl3) δ (ppm) 65.6,
28.2 (2C), 25.0, 24.5 (2C).

4. Conclusions

A nanohybrid catalyst was produced by the layer-by-layer supramolecular assembly of gold
nanoparticles on carbon nanotubes. The gold-based nanohybrid (AuCNT) was employed in the
oxidation of hydroxylamines to provide straightforward access to the corresponding oxidized products
in good to excellent yields. The transformation led either to nitroso derivatives in the case of aliphatic
hydroxylamines or azoxy derivatives in the case of aromatic/benzylic hydroxylamines. Selectivity,
low catalyst loading and mild reaction conditions (e.g., room temperature, open air) are the salient
features of the AuCNT methodology.
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Abstract: In this work we have successfully fabricated nanocrystalline anatase TiO2/perovskite-type
porous nanosized LaFeO3 (T/P-LFO) nanocomposites using a simple wet chemical method. It is clearly
demonstrated by means of atmosphere-controlled steady-state surface photovoltage spectroscopy
(SPS) responses, photoluminescence spectra, and fluorescence spectra related to the formed OH´
radical amount that the photogenerated charge carriers in the resultant T/P-LFO nanocomposites with
a proper mole ratio percentage of TiO2 display much higher separation in comparison to the P-LFO
alone. This is highly responsible for the improved visible-light activities of T/P-LFO nanocomposites
for photocatalytic degradation of gas-phase acetaldehyde and liquid-phase phenol. This work will
provide a feasible route to synthesize visible-light responsive nano-photocatalysts for efficient solar
energy utilization.

Keywords: nanostructures; semiconductors; chemical synthesis; X-ray diffraction; catalytic properties

1. Introduction

Photocatalytic materials have received tremendous attention in recent years due to the increase
in world-wide environmental pollution. Numerous photocatalysts including nanoparticles of oxides,
noble metals, and their nanocomposites have been explored for their superior performance in the
degradation of organic pollutants under visible irradiation [1,2]. Recently, considerable attention has
been focused on perovskite-type oxides with the general formula ABO3, where site A is a rare-earth
element and site B is 3D transition metal [3]. In perovskite oxides, the presence of B-site metal cations and
oxygen vacancies are of great significance, because the catalytic process mainly depends on the redox
properties of B-site metal cations, whereas the oxygen vacancies provide the activation and adsorption
sites for the substrates [4]. Hence, it is easy to alter the energy band gap, photogenerated charge
separation and then photocatalytic activity [5,6]. It is generally accepted that there is a great potential for
ABO3-type oxides to be taken as efficient photocatalysts. Among the well-known ABO3-type perovskite
oxides, LaFeO3 (LFO) has attracted much attention owing to its potential applications in photocatalysis,
gas sensors, solid-oxide fuel cells, and electronic and magnetic materials [7].

LFO has been chosen as an efficient photocatalyst due its narrow band gap (2.0 eV), which is active
under visible light [8]. However, the photocatalytic activity of LFO is still limited, which is attributed to
the weak photogenerated charge separation. Similar to other visible-responsive oxide photocatalysts,

25



it has a low conduction band position, located below the standard hydrogen electrode reduction
level, which allows fast recombination of photogenerated charge-carriers [9]. Another drawback of
traditional LFO is that the materials possess low surface areas [10]. To improve the photocatalytic
performance of LFO, elemental doping, coupling with semiconducting metal-oxides and increasing
surface areas by introducing pores are widely employed [4,11–13]. In general, it is widely accepted
that the photogenerated high-energy electrons of narrow band-gap oxides could relax to the bottom of
conduction band in extremely short time [2]. This would lead to the fast recombination of photogenerated
charges. To overcome this shortfall, the couplings of wide band gap oxides are highly desirable.

In our previous works [2,14], the visible-light activities of BiVO4 and Fe2O3 were obviously
improved by coupling TiO2 with high-level conduction bottom, primarily demonstrating that this
idea is feasible. In such heterojunctions, the visible-light-excited high-energy electrons (from valance
band (VB) of narrow band gap oxides) could transfer thermodynamically from the CB of narrow
band gap oxides to the other constitution with high energy platform. To the best of our knowledge,
there is no previous report on the enhanced visible-light activities of large surface area porous
LFO for photocatalytic degradation of colorless organic pollutants by coupling with nanocrystalline
anatase TiO2.

Herein, we present our work on the visible-light enhanced photocatalytic activities of T/P-LFO
nanocomposites for efficient degradation of gas-phase acetaldehyde and liquid-phase phenol. Based on
our experimental results, it is suggested that the enhanced photoactivities are attributed to the
improved separation of electron-hole pairs in the resulting T/P-LFO nanocomposites. This work
will provide feasible routes to synthesize visible-light responsive nano-photocatalysts for efficient solar
energy utilization.

2. Results and Discussion

2.1. Structural Characterization and Surface Composition

Figure 1A shows the X-ray diffraction (XRD) patterns of P-LFO, TiO2 (anatase) and T/P-LFO
nanocomposites. The XRD patterns of P-LFO calcined at 600 ˝C show diffraction peaks at 22.45, 32.13,
39.66, 46.06, 52.01, 57.42, 67.32, 76.63, respectively, correspond to the (101), (121), (220), (202), (141),
(240), (242) and (204) reflections of orthorhombic phase LaFeO3 (JCPDS No. 37-1493) without any
impurity phase. The sharp peaks imply the high crystallinity of the product [15]. In the XRD patterns
of T/P-LFO nanocomposites calcined at 450 ˝C, no impurity peaks can be observed except for TiO2

(T) and LFO phases. In addition, the relative peak intensity of TiO2 in T/P-LFO nanocomposites is
obviously enhanced with an increase in mole ratio percentage of coupled TiO2.

The particle size of P-LFO was calculated using the Scherrer formula, which is approximately
50 nm. According to the UV-vis DRS spectra (Figure 1B), the absorption lower than 400 nm for TiO2 is
attributed to the electronic transitions from its valance band to the conduction band (O2p Ñ La3d).
While the absorption edge of P-LFO appeared at approximately 620 nm, attributed to its electronic
transition from the valance band to conduction band (O2p Ñ Fe3d), and the optical absorption across
the energy band gap is 2.0 eV.

To investigate the morphology and microstructure of P-LFO and 9T/P-LFO nanocomposite,
the TEM and HRTEM micrographs were taken. One can see that the as-synthesized P-LFO exhibits
random distribution with a crystallite size of about 50 nm determined from the TEM micrograph
(Figure 1C). This is consistent with the crystallite size calculated from the XRD patterns. Moreover, the
nanocrystalline orthorhombic-phase structure of P-LFO is confirmed from the selected area electron
diffraction (SAED) patterns (inset of Figure 1C). From the HRTEM micrograph of the 9T/P-LFO
nanocomposite (Figure 1D inset), it can be seen that an intimate interface junction exists between TiO2

and P-LFO. The lattice fringes at (121) plane with d-spacing 0.28 nm correspond to the orthorhombic
phase LFO [16], while the latter at (101) plane with d-spacing 0.35 nm are attributed to the anatase
TiO2 [17].
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Figure 1. X-ray diffraction (XRD) patterns (A) and UV-vis diffuse reflectance (UV-vis DRS) spectra (B) of
Porous-LaFeO3 (P-LFO) TiO2 (T) and TiO2/P-LFO (T/P-LFO) nanocomposites; Transmission electron
microscopy (TEM) image of P-LFO with inset selected area electron diffraction (SAED) pattern (C); TEM
image of 9T/P-LFO with inset high resolution transmission electron microscopy (HRTEM) image (D).

Figure 2A shows the SEM micrograph of P-LFO calcined at 600 ˝C. It can be seen clearly,
that the P-LFO exhibits an irregular porous morphology. Moreover, it is suggested that the P-LFO
nanoparticles are inter-connected and a large network of irregular shapes and sizes are formed due
to the escape of a large number of gases due to the strong redox reaction taking place during the
sol-gel auto-combustion. After coupling with nanocrystalline anatase TiO2, the morphology of the
nanoparticles are slightly changed as shown in Figure 2B. The XRD, TEM and SEM results demonstrate
that TiO2/P-LFO nanocomposites were successfully fabricated.

 

Figure 2. Scanning electron microscopy (SEM) micrograph of P-LFO (A) and 9T/P-LFO nanocomposite (B).

The surface functional groups and elemental states of the P-LFO and 9T/P-LFO nanocomposite
was characterized by X-ray photoelectron spectroscopy (XPS). The binding energies were calibrated
with respect to the adventitious carbon (C1s) as a reference line at 284.6 eV. The typical survey spectra
(Figure 3A), of P-LFO and 9T/P-LFO samples reveals the presence of La3d, Fe2p, O1s, Ti2p and C1s.
In the high-resolution spectrum of La3d for P-LFO (Figure 3B), two intense peaks, observed at 833.6
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and 850.5 eV respectively, correspond to the spin-orbital splitting of 3d5/2 and 3d3/2 of La3+ ions in the
oxide form. It can be observed that after coupling with TiO2, the binding energies of La3d for 9T/P-LFO
nanocomposite are slightly shifted toward lower binding energies. For Fe2p (Figure 3C), the binding
energies observed at 710 (Fe2p3/2) and 723.6 eV (Fe2p1/2) respectively, correspond to the +3 oxidation
state of Fe in P-LFO oxide. In addition, the binding energies of Fe2p for 9T/P-LFO nanocomposite are
also shifted toward lower energies. The XPS spectra of O1s (Figure 3D) are fitted into two separate
peaks with origin software by the Gaussian rule. The XPS spectra of O1s are broad and asymmetric,
demonstrating that there exist two kinds of O chemical states, including crystal lattice oxygen (OL)
and hydroxyl oxygen (OH) with increasing binding energy. The XPS signal for OL corresponds to
the La-O and Fe-O in P-LFO crystal lattice and appeared at approximately 529.5 eV, while the OH
XPS signal lies at about 531.5 eV, and is closely related to the hydroxyl species resulting from the
chemisorbed water [18,19]. Besides, the binding energy of Ti2p (Figure 3E) at 458 eV corresponds to
TiO2 in 9T/P-LFO nanocomposite [20]. Hence, it is suggested that an intimate contact exist between
TiO2 and P-LFO interfaces. Obviously, this is in good agreement with the TEM results.

 

 

 

Figure 3. X-ray photoelectron spectroscopy (XPS) survey spectra of P-LFO and 9T/P-LFO
nanocomposite (A); with high resolution images La3d (B); Fe2p (C); O1s (D); Ti2p (E).

The nitrogen adsorption-desorption isotherms and the corresponding pore size distribution
of P-LFO and 9T/P-LFO nanocomposite respectively, are depicted in Figure 4A,B. It can be seen
clearly that the sorption isotherms of P-LFO and 9T/P-LFO exhibit hysteresis loops, which are the
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characteristics of porous structure [16]. The Brunauer-Emmett-Teller (BET) surface area observed
for P-LFO is 23.2 m2¨g´1 and its BJH average pore diameter is 7.4585 nm, while for 9T/P-LFO
nanocomposite, the BET surface area is considerably higher (34.2 m2¨g´1) as compared to P-LFO.
This is well attributed to the small size with large surface area of coupled TiO2 [21].

 

Figure 4. N2 adsorption/desorption isotherms (A) and pore diameter (B) of P-LFO and
9T/P-LFO nanocomposite.

2.2. Photogenerated Charge Properties

Surface photovoltage spectroscopy (SPS) is a highly sensitive and non-destructive technique used
to study the photophysics of the photogenerated charges in semiconducting solid materials, resulting
from the changes of surface potential barriers before and after illumination. The SPS response for
nanocrystalline semiconductors would mainly be derived from photo-generated charge separation via
the diffusion process. From the SPS responses of P-LFO in different atmospheres in Figure 5A, it can
be seen that the SPS response intensity is greatly influenced by the amount of O2. In N2 atmosphere,
no obvious SPS response is detected for P-LFO, suggesting that the presence of O2 is necessary
for SPS response to occur. This supports the role of adsorbed O2 in capturing the photogenerated
electrons. However, for 9T/P-LFO nanocomposite Figure 5B, a remarkable SPS response is detected
in N2 atmosphere, although its SPS response is also enhanced with the increase in O2 concentration.
This unexpected SPS response in N2 is mainly attributed to the improved separation of photogenerated
charges in the fabricated T/P-LFO nanocomposites [2]. From Figure 5C, it can be seen clearly that
the SPS response of P-LFO in air atmosphere is obviously increased after coupling with TiO2 and the
strongest response is observed for 9T/P-LFO nanocomposite, suggesting that the charge transfer and
separation is significantly improved [9,22]. However, the excess amount of TiO2 is unfavorable for the
charge transfer and separation. From SPS measurements, it is confirmed that T/P-LFO nanocomposites
could exhibit high photoactivities.

The photoluminescence (PL) is a highly sensitive and non-destructive technique widely used
to investigate the structure and properties of active sites on the surface of metal oxides. It always
gives us information about the surface defects and oxygen vacancies, as well as about charge carrier
trapping, immigration and transfer [22]. The PL spectra of P-LFO and T/P-LFO nanocomposites
under excitation wavelength of 325 nm are depicted in (Figure 5D). It can be observed that the PL peak
intensity of P-LFO is considerably decreased after coupling with nanocrystalline TiO2, and the lowest
PL response is detected for 9T/P-LFO nanocomposite, suggesting that the charge recombination is
significantly reduced. These results are in good agreement with the above SPS results.
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Figure 5. Surface photovoltage spectroscopy (SPS) responses of P-LFO (A) and 9T/P-LFO (B)
in different atmospheres; SPS responses of P-LFO and T/P-LFO nanocomposites in air (C);
Photoluminescence (PL) responses of P-LFO and T/P-LFO nanocomposites (D).

2.3. Visible-Light Photoactivities

To evaluate the visible-light activities of P-LFO and T/P-LFO nanocomposites for pollutant
degradation, gas-phase acetaldehyde and liquid-phase phenol were chosen as model pollutants.
The visible-light photocatalytic activity of P-LFO and T/P-LFO nanocomposites for acetaldehyde and
phenol degradation is depicted in Figure 6A. It can clearly be seen that the photocatalytic degradation
rates of P-LFO for acetaldehyde and phenol are greatly enhanced after coupling with TiO2. Interestingly,
9T/P-LFO exhibits the highest photocatalytic activity. Hence, it is suggested that coupling a proper
mole ratio percentage of TiO2 is favorable for charge transfer and separation, which further leads to
the enhanced visible-light activities [14].

 

Figure 6. Visible-light photocatalytic activity for acetaldehyde and phenol degradation (A) and OH´
radical amount related Fluorescence spectra (B) of P-LFO and T/P-LFO nanocomposites.

2.4. Discussion

To prove the visible-light enhanced charge transfer and separation in the fabricated T/P-LFO
nanocomposites, the coumarin fluorescent method was used to detect the amount of formed (‚OH)
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species. As illustrated in our previous reported work [23], the amount of (‚OH) species could also
effectively reveal the separation of photogenerated charges in photocatalysis. It is demonstrated
that in coumarin fluorescent process, the coumarin could easily react with the formed ‚OH species
and produce luminescent 7-hydroxy-coumarin. From (Figure 6B), it can be observed that the
fluorescent response intensity of P-LFO is obviously enhanced after coupling with TiO2 and 9T/P-LFO
nanocomposite exhibit the strongest fluorescent intensity peak. This further supports the SPS results
and photoactivities.

Based on the above results and discussion, a possible mechanism for charge transfer and separation
in T/P-LFO nanocomposites is proposed as depicted in Figure 7. It is suggested that when T/P-LFO
nanocomposite is radiated by visible-light with photon energy higher than the band gap of P-LFO,
electron-hole pairs are produced. The high-energy electrons would transfer thermodynamically to the
CB of TiO2, which would probably react with the surface adsorbed O2 to produce superoxide radicals
‚O2

´, while the holes will remain in the VB of P-LFO and react with the surface adsorbed water or OH´
to produce .OH radicals. In this way the photogenerated charge recombination could be effectively
reduced and utilized in the photocatalytic process to enhance the visible-light photoactivities.

 

Figure 7. Scheme for energy band gaps and the mechanism for photogenerated charge separation and
transfer in the fabricated T/P-LFO nanocomposite.

3. Experimental Section

3.1. Chemicals and Reagents

All the reagents were of analytical grade and used as received without further purification.
Deionized water was used throughout the experiment.

3.2. Synthesis of Porous LaFeO3

Porous LaFeO3 nanoparticles were synthesized by taking equimolar amounts (0.04 mol) of
La(NO3)¨6H2O and Fe(NO3)3¨9H2O and dissolved into a mixed solvent of ethylene glycol (EG)
and methanol (3:7 vol %) at room temperature. The solution was treated by ultrasonication for 1 h.
Then polystyrene (PS) colloidal crystals were soaked in the precursor solution and kept under vigorous
magnetic stirring for 12 h. After that, the mixture was dried in oven at 80 ˝C for 12 h. The dry powder
was then calcined in air at 400 ˝C (temp ramp 1 ˝C¨min´1) for 2 h to remove the polystyrene spheres.
Finally the product was calcined at 600 ˝C (5 ˝C¨min´1) for 2 h to obtain porous LaFeO3 nanoparticles.

3.3. Fabrication of Nanocomposite Materials

To fabricate different T/P-LFO nanocomposites, for each sample 1 g freshly prepared P-LFO
nanoparticles were taken and suspended into a mixed solvent containing 10 mL water, 40 mL
anhydrous ethanol, and 2 mL HNO3 (68%), under vigorous stirring at room temperature. The reaction
mixtures were treated by ultrasonication for 10 min. Then the mixtures were kept under vigorous
stirring for 30 min. After that, a certain volume (0.3, 0.6, 0.9, 1.2 mL) of the mixed solution of Titanium
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butoxide Ti[(OCH2)3CH3]4 and anhydrous ethanol with a ratio of (1:9 vol %) was added to the reaction
mixtures under vigorous stirring for 2 h. Subsequently, the mixtures were dried at 85 ˝C in an oven,
followed by calcining at 450 ˝C for 2 h. Different mole ratios of T/P-LFO nanocomposites were
obtained and denoted by X T-LF, where X represents the mole ratio percentage of Ti to La.

3.4. Evaluation of Photocatalytic Activity for Pollutant Degradation

Here in this work, liquid-phase phenol and gas-phase acetaldehyde have been chosen as model
pollutants because phenol is a typical recalcitrant contaminant without sensitizing as a dye and
acetaldehyde is a kind of volatile organic compound which widely exist in industrial production
and are harmful to both human health and natural environment. Therefore, both the pollutants were
selected to evaluate the visible-light photocatalytic activities of the fabricated T/P-LFO nanocomposites.
The liquid-phase photocatalytic experiments were carried out in an open photochemical reactor glass
with 100 mL volume under visible irradiation with cutoff 420 nm wavelength filter using a source of
150 W GYZ220 high-pressure Xenon lamp made in China. The distance of the light source from the
reactor glass was approximately 10 cm. In a typical experiment, 0.1 g of photocatalyst and 80 mL of
10 mg/L phenol solution were mixed under stirring for 0.5 h, so as to reach the adsorption saturation
and then irradiated under visible-light for 1 h. After irradiation for 1 h, the solution was centrifuged
and the concentration of phenol was analyzed with a Model Shimadzu UV-2550 Spectrophotometer
(Kyoto, Japan) using colorimetric method of 4-aminoantipyrine at the characteristic optical adsorption
of 510 nm.

For the photocatalytic degradation of gas-phase acetaldehyde, the experiments were carried
out in a 3 mouth cylindrical quartz reactor with 640 mL volume. A desired amount of photocatalyst
and a specific concentration of acetaldehyde gas is introduced through these mouths. After carefully
sealed, the reactor was irradiated under visible-light using a source of 150 W Xenon lamp with cutoff
filter (λ > 420 nm). In a typical experiment, 0.1 g of photocatalyst was suspended in a quartz reactor
containing a mixture of 810 ppm acetaldehyde, 20% O2 and 80% of N2. Prior to irradiation, the gases
were mixed by continuous flow through the reactor for half an hour to reach the adsorption saturation.
The concentration of acetaldehyde in the photocatalysis was detected with a gas chromatograph
(GC-2014, Shimadzu, Kyoto, Japan) equipped with a flame ionization detector. After that, the sample
was irradiated by visible-light for 1 h and the concentration of the acetaldehyde gas was re-measured.

3.5. Measurement of the Produced Hydroxyl Radical (‚OH) Amount

To measure the amount of hydroxyl radicals, in a typical experiment, 50 mg of photocatalyst
and 20 mL of 5 mg¨L´1 aqueous solution of coumarin were mixed in a 50 mL of quartz glass reactor.
The reactor was irradiated under visible-light using a source of 150 W high-pressure Xenon lamp with
cutoff filter (λ > 420 nm) under continuous magnetic stirring for 1 h. The distance of the source from
the reactor was about 10 cm. After irradiation for 1 h, a certain amount of solution was taken in a Pyrex
glass cell for the fluorescence measurement of 7-hydroxycoumarin under excitation wavelength of
350 nm.

3.6. Characterization

The materials were characterized by using various techniques. The crystal structures of the samples
were determined with the help of XRD (Rigaku D/MAX-RA diffractometer, Kyoto, Japan), operated
at an accelerating voltage of 30 kV, using Cu Kα radiation (α = 0.15418 nm). During measurement,
the emission current of 20 mA was employed. The UV-vis diffuse reflectance spectra of the samples
were obtained with the help of Shimadzu UV-2550 spectrophotometer (Kyoto, Japan), using BaSO4

as a reference. Transmission electron microscopy (TEM) micrographs of the samples were taken by
a JEOL, JEM-2100 (Tokyo, Japan), electron microscope operated at an acceleration voltage of 300 kV.
Scanning electron microscopy (SEM) images were taken using a Hitachi S-4800 instrument (Tokyo,
Japan), operating at acceleration voltage of 15 kV. The chemical compositions and elemental states of
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the samples were tested with the help of Kratos-Axis Ultra DLD X-ray photoelectron spectroscopy
(XPS) (Kyoto, Japan), with an Al (mono) X-ray source and the binding energies of the samples were
calibrated with respect to the signal for adventitious carbon (binding energy = 284.6 eV). The N2

adsorption–desorption isotherm of various samples were carried out by Micromeritics Tristar II 3020
system (Atlanta, GA, USA) at the temperature of liquid nitrogen, while keeping the system out-gassed
for 10 h at 150 ˝C prior to measurements. The photo luminescence (PL) spectra of the samples were
measured with a PE LS 55 spectrofluorophotometer (Waltham, MA, USA) at excitation wavelength of
325 nm.

The atmosphere-controlled surface photovoltage spectroscopy (SPS) spectra of the samples were
detected with a home-built apparatus, equipped with a lock-in amplifier (SR830, Sunnyvale, CA, USA)
synchronized with a light chopper (SR540, Sunnyvale, CA, USA). The powder samples were sandwiched
between two indium tin oxide (ITO) glass electrodes, which were fixed in an atmosphere-controlled
system with a quartz window. The monochromatic light was obtained by passing light from a source of
500W Xenon lamp (CHF XQ500W, Global xenon lamp power) through a double prism monochromator
(SBP3000, Beijing, China).

4. Conclusions

We have developed T/P-LFO nanocomposites, which exhibit superior visible-light photocatalytic
activity for acetaldehyde and phenol degradation. The enhanced photocatalytic activities of T/P-LFO
nanocomposites can be attributed to the effective electron-hole pair separation by transferring electrons
from P-LFO to TiO2. This research demonstrates that T/P-LFO nanocomposites show promising
applications in the field of photocatalysis by utilizing solar energy.
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Abstract: TiO2 (anatase phase) has excellent photocatalytic performance and different methods
have been reported to overcome its main limitation of high band gap energy. In this work, TiO2-
magnetically-separable nanocomposites (MAGSNC) photocatalysts with different TiO2 loading were
synthesized using a simple one-pot mechanochemical method. Photocatalysts were characterized
by a number of techniques and their photocatalytic activity was tested in the selective oxidation of
benzyl alcohol to benzaldehyde. Extension of light absorption into the visible region was achieved
upon titania incorporation. Results indicated that the photocatalytic activity increased with TiO2

loading on the catalysts, with moderate conversion (20%) at high benzaldehyde selectivity (84%)
achieved for 5% TiO2-MAGSNC. These findings pointed out a potential strategy for the valorization
of lignocellulosic-based biomass under visible light irradiation using designer photocatalytic
nanomaterials.

Keywords: TiO2; magnetically separable photocatalysts; selective photo-oxidation; mechanochemical
synthesis; ball mill

1. Introduction

Photocatalysis has been considered as one of the most environmentally friendly and promising
technologies owing to advantages such as being clean, efficient, cost-effective, and energy-saving [1–3]
Typical applications of photocatalysis are conversion of CO2 to fuels and chemicals [4–8], self-cleaning
surfaces [9,10], disinfection of water [11,12], oxidation of organic compounds [13–15], and production
of hydrogen from water splitting [16–19]. In this regard, different types of heterogeneous photocatalysts
have been extensively reported, including metal oxide nanoparticles, composite nanomaterials,
metal-organic frameworks, plasmonic photocatalysts, and polymeric graphitic carbon nitride [3,4].

Among these different types of photocatalysts, TiO2 has been extensively investigated and is
one of the most widely used in the aforementioned applications due to its excellent photocatalytic
activity, high thermal and chemical stability, low cost, and non-toxicity [20,21]. However, in spite of
its advantages, the main drawback of TiO2 in photocatalysis relates to the large band gap (3.2 eV) for
its anatase crystalline phase which restricts its utilization to ultraviolet (UV) irradiation (λ < 387 nm),
with UV irradiation comprising less than 5% of the solar energy. Therefore, it is very important to
extend the photocatalytic activity of TiO2 nanocatalysts under visible light to profit from abundant
solar energy. Various approaches have been developed to improve the photoactivity of TiO2 by
lowering the band-gap energy and delaying the recombination of the excited electron-hole pairs, i.e.,
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cationic [22,23] and anionic [20,24,25] doping, dye photosensitization, deposition of noble metals.
Photocatalysts doped with noble metals can improve their photoactivities, but with limitations for
large scale applications. Importantly, the design of photocatalysts featuring magnetic separation has
not been considered to a large extent despite the obvious advantages of separation and recycling for
magnetically-separable heterogeneous photocatalysts [26]. Conventional methods for heterogeneous
catalyst recovery, such as filtration, centrifugation, etc., are either time consuming or costly, while the
enhanced magnetically-separable properties of the heterogeneous catalyst can exceed these limitations.
In recent years, photocatalysts with TiO2 coated on magnetic particles have been reported by many
researchers [27–29], which showed enhanced photocatalytic activities and feasible separation by
applying external magnetic field. Ojeda et al. reported a maghemite/silica nanocomposites, which were
also magnetically separable [30], followed by a report on the incorporation of TiO2 on maghemite/silica
nanocomposites under ultrasounds which exhibited excellent photocatalytic performance in the
selective oxidation of benzyl alcohol [31].

The selective oxidation of alcohols to the corresponding carbonyl compounds accounts for one
of the most significant transformations in organic chemistry. Particularly, the conversion of benzyl
alcohol (BA) to benzaldehyde (BHA) has attracted extensive attention, since benzaldehyde is widely
applied in food, pharmaceutical, and perfumery industries and as building block in other chemical
industries. Recently, the photocatalytic oxidation of benzyl alcohol to benzaldehyde has been reported
using different catalysts and chlorine-free benzaldehyde with high selectivity, with respect to the
traditional syntheses-either by benzyl chloride hydrolysis or via toluene oxidation [15,26,32].

In continuation with research efforts from the group related to the design of advanced nanomaterials
for (photo)catalytic processes, we aimed to synthesize an advanced magnetically-separable
nanophotocatalyst (TiO2-MAGSNC) using a simple one-pot mechanochemical method under ball mill.
A widely-reported porous support (SBA-15) was utilized as support, together with an iron precursor and
propionic acid to obtain a magnetic phase able to provide magnetically-separable features to the catalyst.
A high-energy ball milling process was applied in this work which could provide small nanoparticle
sizes as well as a highly homogeneous crystalline structure and morphology. TiO2-MAGSNC catalysts
were found to be photoactive with a high selectivity in the selective oxidation of benzyl alcohol
to benzaldehyde.

2. Experimental

2.1. Synthesis of TiO2/MAGSNC Photocatalysts

SBA-15 silica was prepared using the procedure reported by Bonardet et al. [33] Different amounts
of titanium precursor were used to obtain various contents of TiO2 (0.5, 1.0, 2.0, 5.0 wt %) on the
catalysts. Titanium incorporation was subsequently achieved by a simple mechanochemical method
in a planetary ball mill under previous optimized conditions [34]. In detail, Pluronic P123 surfactant
(Sigma-Aldrich Inc., St. Louis, MO, USA) (8.0 g) was dissolved in deionized water (260 mL) and HCl
(Panreac Química S.L.U., Barcelona, Catalonia, Spain) (12 M, 40 mL) under vigorous stirring, at 40 ˝C
for 2 h. Upon complete dissolution, 7 g of tetraethyl orthosilicate (TEOS) (Sigma-Aldrich Inc., St. Louis,
MO, USA) were added dropwise to the above solution. The mixture was stirred at 40 ˝C for 24 h,
followed by hydrothermal treatment at 100 ˝C for 48 h in an oven. The white solid was separated from
the solution by filtration and dried at 60 ˝C. The template was removed by calcination at 600 ˝C for
8 h. Different amounts (13, 59, 188 and 661 μL) of titanium isopropoxide (Sigma-Aldrich Inc., St. Louis,
MO, USA), 1.34 g Fe(NO3)3¨ 9H2O (Merck, Darmstadt, Hesse, Germany), 0.5 g SBA-15 and 0.25 mL
propionic acid (Panreac Química S.L.U., Barcelona, Catalonia, Spain) were added to a 125 mL reaction
chamber with eighteen 10 mm stainless steel balls and then ground in a Retsch PM-100 planetary ball
mill (350 rpm, 10 min) (Retsch GmbH, Haan, North Rhine-Westphalia, Germany). Materials calcination
was performed at 400 ˝C (heating rate 3 ˝C/min) for 5 h in a furnace under an oxygen deficient
atmosphere (static air). MAGSNC sample was synthesized under same conditions without adding
titanium isopropoxide. All chemicals were used as received.
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2.2. Characterization of the TiO2-MAGSNC Photocatalysts

The crystal phase structures of TiO2-MAGSNC samples were examined by powder X-ray
diffraction (XRD) measurements performed in a Bruker D8 DISCOVER A25 diffractometer (Bruker
Corporation, Billerica, MA, USA) equipped with a vertical goniometer under theta-theta geometry
using Ni filtered Cu Kα (λ = 1.5418 Å) radiation and operated at 40 KeV and 40 mA. Wide angle
scanning patterns were collected from 10˝ to 80˝ with a step size of 0.01˝ and counting time of 500 s
per step.

Textural properties of the samples were determined by N2 physisorption using a Micromeritics
ASAP 2020 automated system (Micromeritics Instrument Corporation, Norcross, GA, USA) with the
Brunauer-Emmet-Teller (BET) and the Barret-Joyner-Halenda (BJH) methods. Prior to adsorption
measurements, samples were degassed under vacuum (0.1 Pa) for 4 h at 300 ˝C.

A UV/VIS/NIR spectrophotometer Jasco V-570 (JASCO international Co., Ltd., Hachioji, Tokyo,
Japan) equipped with an integrating sphere was used to record Ultraviolet-Visible (UV-VIS) diffuse
reflectance spectra. The baseline was obtained with SpectralonTM (poly(tetrafluoroethylene) as
a reference material. The Kubelka-Munk method was utilized (from diffuse reflectance spectra) to
determine the band gap function. Function f (R) was calculated from the following equation:

f pRq “ p1 ´ Rq2

2R
(1)

while Eg was calculated from (f (R)hν)1/2 versus hν plots.
X-ray photoelectron spectroscopy (XPS) measurements were carried out with a VG Scientific

photoelectron spectrometer ESCALAB-210 (Thermo Scientific, Waltham, MA, USA) with Al Kα

radiation (1486.6 eV) from an X-ray source, operating at 15 kV and 20 mA. Survey spectra in the
energy range from 0 to 1350 eV with 0.4 eV step were recorded for all the samples. High resolution
spectra were recorded with 0.1 eV step, 100 ms dwell time and 25 eV pass energy. A ninety degree
take-off angle was employed in all measurements. Curve fitting was carried out using the CasaXPS
software (Casa Software Ltd., Cheshire, England, UK), which each component of the complex envelope
is described as a Gaussian–Lorentzian sum function; a constant 0.3 (˘0.05) G/L ratio was used.
The background was fitted using a nonlinear Shirley model. Measured transmission function and
Scofield sensitivity factors have been employed for quantification purposes. An aromatic carbon C 1s
peak at 284.5 eV was used as the reference of binding energy.

Scanning electron microscopy images were recorded with a JEOL JSM-6300 scanning microscope
(JEOL Ltd., Akishima, Tokyo, Japan) equipped with Energy-dispersive X-ray spectroscopy (EDX) at
20 kV. An Au/Pd coating was employed to analyze samples on a high-resolution sputtering SC7640
instrument (Quorum Technologies Ltd., Lewes, England, UK) (up to 7 nm thickness) at a sputtering
rate of 1.5 kV per minute.

FEI Tecnai G2 (FEI Tecnai, Hillsboro, OR, USA) fitted with a Charge-coupled Device (CCD)
camera for ease and speed of use was applied to record the transmission electron microscopy (TEM)
images of the synthesized TiO2-MAGSNC samples at the Research Support Service Center (SCAI) from
Universidad de Cordoba. The resolution of the equipment is around 0.4 nm. Prior to the recording,
samples were prepared by suspension in ethanol, assisted by sonication and followed by deposition
on a copper grid.

The magnetic susceptibility was measured at low frequency (470 Hz) using a Bartington MS-2
(Bartington Instruments Ltd., Witney, England, UK), at room temperature.

2.3. Photocatalytic Experiments

A Pyrex cylindrical double-wall immersion well reactor equipped with medium pressure 125 W
mercury lamp (λ = 365 nm), which was supplied by Photochemical Reactors Ltd. UK (Model RQ
3010), (Reading, UK) was used in all the catalytic reactions (Figure 1). The distance between the
light source and reaction media was ca. (ca.: abbreviation of circa) 10 nm and irradiance of the
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light source reached 1845.6 W/m2. Magnetic stirring with a speed of 1100 rpm was utilized in the
batch reactor to obtain a homogenous suspension of the TiO2-MAGSNC photocatalysts. The reaction
temperature was established at 30 ˝C. 1.5 mM benzyl alcohol (Sigma-Aldrich Inc., St. Louis, MO, USA)
was prepared in acetonitrile (Sigma-Aldrich Inc., St. Louis, MO, USA) medium. Experiments were
performed from 150 mL of the mother solution and 1 g/L of catalyst concentration for 4 h under UV
light and air bubbling conditions (25 mL/min). In order to equilibrate the adsorption-desorption over
the photocatalyst surface, the reaction solution was left in the dark for 30 min before each reaction.
Samples were periodically withdrawn (ca. 1 mL) from the photoreactor at different times and filtered
off (0.20 μm, 25 mm, nylon filters). The concentration of model compound was determined by a high
performance liquid chromatography (HPLC, Waters Model 590 pump) (Waters Limited, Hertfordshire,
UK) equipped with a dual absorbance detector (Waters 2487) and the SunFire™ C18 (3.5 μm,
150 mm length, 4.6 mm inner diameter) column provided by Waters. The mobile phase was Milli-Q
water/acetonitrile/methanol in the volumetric ratio of 77.5:20:2.5 with 0.1% of H3PO4 (Sigma-Aldrich
Inc., St. Louis, MO, USA). We used isocratic elution at a flow rate of 1 mL/min. The injection volume
was 10 μL. TiO2 P25 (approx. 80% anatase and 20% rutile) is a commercial catalyst purchased from
Evonik Industries (Evonik Industries AG, Essen, Germany) and used as comparison here.

Figure 1. Reaction system: (1) lamp cooling system; (2) double-walled immersion well reactor;
(3) photoreactor; (4) port for taking samples; (5) 125 W ultraviolet (UV) lamp; (6) mother solution; and
(7) magnetic stirrer.

3. Results and Discussion

XRD analysis was performed to investigate the crystal phase of the synthesized TiO2-MAGSNC
nanocomposites. The XRD pattern of a representative sample (5% TiO2-MAGSNC) is shown in
Figure 2 The mean observed peaks (2θ = 35.6˝) could be assigned to the presence of a magnetic
phase (in principle γ-Fe2O3, although the presence of a magnetite phase cannot be completely ruled
out) while titania peaks were not obvious due to the low titanium loading on the supports; hence,
particle size could not be worked out from these data. By applying the Scherrer equation, iron oxide
nanoparticle sizes can be calculated to be ca. 14 nm. Results from XRD pattern also suggested that our
simple mechanochemical protocol can successfully lead to the formation of magnetically-separable
nanocomposites, as further supported with subsequent characterization techniques.

N2 absorption-desorption isotherms were used to evaluate the textural properties of the
TiO2-MAGSNC samples with different content of TiO2. The isotherms (Figure 3) matched the characteristic
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type IV isotherm profile indicating these samples are essentially mesoporous in nature. In comparison
to commercial titanium oxide (59 m2¨ g´1) our materials possess significantly higher surface area
(generally 400–500 m2¨ g´1), without any significant changes in terms of textural properties with
respect to those of the parent MAGSNC, probably due to the low titania loading. These could also be
observed in TEM images. Pore volumes in the 0.40–0.45 mLg´1 range and diameters typical of the
parent SBA-15 material (ca. 6 nm) were also obtained.

Figure 2. X-ray diffraction (XRD) pattern of 5% TiO2-magnetically-separable photocatalysts (MAGSNC)
photocatalysts. (PDF 21-1272 and PDF 39-1346 are the card numbers for the crystalline structures in the
data base, while Anatase, syn and Maghemite-C, syn are the corresponding structure names.)

Figure 3. N2 absorption-desorption isotherm of 5% TiO2-MAGSNC photocatalysts. P: partial vapor
pressure of adsorbate gas in equilibrium with the surface at 77.4 K; P0: saturated pressure of adsorbate gas.

Diffuse reflectance (DR) UV-VIS spectroscopy was used to record the optical properties of the
samples. UV-VIS adsorption spectra of TiO2-MAGSNC samples are shown in Figure 4, which showed
extensions of absorption band into the visible region for all catalysts. Significant enhancement of light
absorption of all samples was achieved at a wavelength of around 700 nm, when comparing to those
of pure commercial TiO2 (P25, 386 nm). The extension of light absorption of the synthesized catalysts
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into the visible range was probably resulting from the presence of the photocatalytic composite, iron
oxide phase, on the MAGSNC supports. As a result of the extension of light absorption into the visible
light range, better utilization of the abundant solar energy might be possible.

Figure 4. Diffuse reflectance (DR) Ultraviolet-Visible (UV-VIS) absorption spectra of different
TiO2-MAGSNC photocatalysts. P25: pure commercial TiO2 from Evonik Industries.

The band gaps of synthesized TiO2-MAGSNC were calculated, based on the Kubelka-Munk
function (Table 1), to be in the 1.62 to 1.67 eV range. These extraordinary low values are derived from
the iron oxide phase formed during ball mill in the synthetic stage as a result of the mechanochemical
process [30,34], which only slightly decrease upon titanium incorporation. With Fe3+ radius (0.64 Å)
close to that of Ti4+ (0.68 Å), the incorporation of Fe3+ into the TiO2 crystal lattice during synthesis may
also take place [35]. The proposed one-pot synthesis procedure might facilitate the incorporation of
Fe3+ and formation of heterojunctions between TiO2 and iron oxide phases during the transformation
of titanium precursor to TiO2 which might favor the charge separation in the catalysts and further
improve the photocatalytic activity.

Table 1. Optical properties of synthesized TiO2-MAGSNC photocatalysts. P25: pure commercial TiO2

from Evonik Industries.

Materials Band Gap [eV] Absorption Threshold [nm]

TiO2-P25 3.21 386
MAGSNC 1.75 705

0.5% TiO2-MAGSNC 1.62 765
1.0% TiO2-MAGSNC 1.63 761
2.0% TiO2-MAGSNC 1.65 751
5.0% TiO2-MAGSNC 1.67 740

In order to analyze the chemical states of the prepared samples, XPS spectra were also recorded.
Figure 5a depicts binding energies (BEs) of ca. 463.3 and 457.5 eV for Ti 2p3/2 and Ti 2p1/2, respectively,
characteristic of the Ti4+ cation with a 5.8 eV spin orbit splitting. The fitting peak with higher binding
energy arises from the Ti4+ species in a Ti–O–Fe structure. Electrons can be induced by transfer
from Ti4+ to Fe3+ in the Ti–O–Fe bond due to the electronegativity difference between Ti4+ (1.54)
and Fe3+ (1.83), which makes Ti4+ species potentially less electron-rich (and Fe3+ more electron-rich),
resulting in the increase of BE for Ti4+ species and decrease of BE for Fe3+ [36]. Peaks at a binding
energy of 723.8 (Fe 2p1/2) and 710.2 eV (Fe 2p3/2) also correlated well to typical signals of Fe3+ from
Fe 2p in Figure 5b, which confirmed the presence of such species in the nanocomposites, in good
agreement with XRD results. Despite the stability of the hematite phase (as most thermodynamically
stable at temperature over 300 ˝C), the magnetic phase was still well preserved after calcination at
400 ˝C. Most importantly, the absence of any Fe2+ species on the external surface in all catalysts can
be confirmed from XPS spectra (Figure 5).
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Figure 5. X-ray photoelectron spectroscopy (XPS) spectra of 5% TiO2-MAGSNC photocatalysts:
(a) Ti 2p; and (b) Fe 2p.

Both scanning electron microscopy (SEM) and TEM images of the catalysts were in good
agreement with the textural properties and characterization results of the mesoporous nanocomposites
(Figures 6 and 7). Element mapping illustrated for 2% TiO2-MAGSNC pointed out that both Ti4+ and
Fe3+ were homogeneously distributed on the supports, in line with analogous observations for the other
catalysts. Particularly, the fully preserved SBA-15 structure could be visualized in TEM micrographs
of the final photocatalytic nanomaterials, with small nanoparticles (ca. average nanoparticle size
10 nm), in good agreement with XRD results. Titania nanoparticles could not be distinguished from
TEM images, in line with XRD data, which may again relate to a very high dispersion of TiO2 in the
nanocomposites at such low loadings. Results of EDX analysis have been summarized on Table 2,
showing a good agreement in terms of Ti content on the catalysts with respect to the theoretical Ti
content selected. These findings confirm the excellent incorporation of Ti provided by the proposed
mechanochemical approach.

Table 2. Ti and Fe content on TiO2-MAGSNC photocatalysts (obtained from energy-dispersive X-ray
spectroscopy (EDX) analysis).

Sample ID Ti (wt %) Fe (wt %)

0.5% TiO2-MAGSNC 0.2 19.2
1.0% TiO2-MAGSNC 1.0 24.4
2.0% TiO2-MAGSNC 1.7 16.2
5.0% TiO2-MAGSNC 4.7 9.6

The magnetic susceptibility of the TiO2-MAGSNC photocatalysts were summarized in Table 3,
showing that the obtained catalysts all possessed relatively strong ferromagnetism and could be easily
separated from the reaction mixture using a simple magnet.

Table 3. The magnetic susceptibility of the TiO2-MAGSNC photocatalysts.

Sample ID Magnetic Susceptibility (ˆ̂̂ 10´6 m3 ¨̈̈ kg´1)

0.5% TiO2-MAGSNC 116.7
1.0% TiO2-MAGSNC 179.1
2.0% TiO2-MAGSNC 117.7
5.0% TiO2-MAGSNC 130.0
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Figure 6. Scanning electron microscopy (SEM) images: (a) 5% TiO2-MAGSNC photocatalysts;
(b) 2% TiO2-MAGSNC nanocomposites; and elements mapping of 2% TiO2-MAGSNC photocatalysts:
(c) Si; (d) Fe; (e) Ti.
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Figure 7. Transmission electron microscopy (TEM) images of 5% TiO2-MAGSNC photocatalysts.

After characterization, the effectiveness of TiO2-MAGSNC photocatalysts with different TiO2

content was subsequently studied in the photo-oxidation of benzyl alcohol. Photocatalytic activity
experiment results have been summarized on Table 4. With illumination time of 4 h, the reaction
using TiO2-MAGSNC photocatalysts with low TiO2 loading (ď1.0 wt %) provided negligible (<5%)
photoconversion of benzyl alcohol to benzaldehyde, with conversion only increasing with TiO2 loading.
The magnetically-separable support (MAGSNC) or SBA-15 itself did not provide any photoactivity
under otherwise identical reaction conditions. Bare iron oxides can promote the recombination of
photogenerated electron-hole pairs, resulting in inactive materials. Interestingly, a titania loading as
low as 5% onto MAGSNC containing the iron oxide phase could significantly decrease the band gap
of the TiO2 as well as improve the photoconversion of benzyl alcohol (up to 20% in this work) with
a remarkable 84% selectivity to the target product. No over-oxidation products, such as benzoic
acid and/or CO2 from mineralization, were observed in the photo-oxidation of benzyl alcohol
photocatalyzed by TiO2-MAGSNC. Under the same photocatalytic conditions, the photoconversion of
P25 Evonik was obviously quantitative but with an extremely low selectivity to benzaldehyde (32%,
over 65% to mineralization), almost comparable in terms of product yield. The enhancement of the
photocatalytic properties of the TiO2-MAGSNC catalysts, especially in terms of selectivity, makes
very attractive this type of magnetically separable nanocomposite containing low titania content, as
compared to pure P25 commercial photocatalysts.

Table 4. Photocatalytic oxidation of benzyl alcohol to benzaldehyde 1.

Catalyst Conversion [%] Selectivity BHA 2 [%] Yield BHA 3 [%]

Blank (no catalyst) - - -
SBA-15 - - -

MAGSNC - - -
0.5% TiO2-MAGSNC <5 94 -
1.0% TiO2-MAGSNC <5 80 -
2.0% TiO2-MAGSNC <10 73 -
5.0% TiO2-MAGSNC 20 84 17

P25 Evonik >95 32 30
1 Reaction conditions: Co benzyl alcohol = 1.5 mM, 125 W lamp, loading: 1 g/L. (solvent: acetonitrile, air flow:
25 mL/min, temperature: 30 ˝C, reaction time: 4 h). 2 BHA: benzaldehyde. 3 The selectivity of a reaction was
estimated as the ratio of the required product to the undesirable product formed during reaction. Yields were
calculated as the ratio of the desired product formed to the total stoichiometric amount. Amount of substance
(in mol) were determined using high performance liquid chromatography (HPLC) analysis.

4. Conclusions

Magnetically-separable catalysts with different content of TiO2 were synthesized in a one-pot
mechanochemical approach. The synthesized TiO2-MAGSNC photocatalysts showed great improvement
in light absorption into the visible light range (around 700 nm), with an interesting performance in the
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photocatalytic conversion of benzyl alcohol to benzaldehyde, particularly at higher loadings (5% Ti).
The proposed systems will pave the way to further investigations currently ongoing in our group to
the design of photoactive nanomaterials for selective oxidations, which will be reported in due course.
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The following abbreviations are used in this manuscript:

BA Benzyl alcohol
BE Binding energy
BHA Benzaldehyde
ca. Circa
EDX Energy-dispersive X-ray spectroscopy
MAGSNC Magnetically separable nanocomposites
P Partial vapor pressure of adsorbate gas in equilibrium with the surface at 77.4 K
P0 Saturated pressure of adsorbate gas
P25 Pure commercial TiO2 from Evonik Industries
SEM Scanning electron microscopy
TEM Transmission electron microscopy
UV- Vis Ultraviolet- Visible
XPS X-ray photoelectron spectroscopy
XRD Powder X-ray diffraction
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Abstract: We present the in situ synthesis of Pt nanoparticles within MIL-101-Cr (MIL = Materials
Institute Lavoisier) by means of atomic layer deposition (ALD). The obtained Pt@MIL-101 materials
were characterized by means of N2 adsorption and X-ray powder diffraction (XRPD) measurements,
showing that the structure of the metal organic framework was well preserved during the ALD
deposition. X-ray fluorescence (XRF) and transmission electron microscopy (TEM) analysis confirmed
the deposition of highly dispersed Pt nanoparticles with sizes determined by the MIL-101-Cr pore
sizes and with an increased Pt loading for an increasing number of ALD cycles. The Pt@MIL-101
material was examined as catalyst in the hydrogenation of different linear and cyclic olefins at
room temperature, showing full conversion for each substrate. Moreover, even under solvent
free conditions, full conversion of the substrate was observed. A high concentration test has been
performed showing that the Pt@MIL-101 is stable for a long reaction time without loss of activity,
crystallinity and with very low Pt leaching.

Keywords: metal organic frameworks; atomic layer deposition; platinum; hydrogenation

1. Introduction

Metal Organic Frameworks (MOFs) are a class of porous crystalline materials consisting of discrete
inorganic and organic secondary building units. Due to their exceptionally high porosity, pore volume,
large surface area and chemical tunability and flexibility, they have already been examined in a wide range
of areas such as gas storage and separations, sensing, drug delivery, ion exchange and as heterogeneous
catalysts [1–3]. When used as a heterogeneous catalyst, MOFs can be examined as such or can be utilized
as a support to stabilize catalytic active sites [4]. Besides the encapsulation of homogeneous complexes [5]
and polyoxometalates [6], there is a growing research interest towards the embedding of nanoparticles
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(NPs) into MOFs [7]. The size, shape and orientation of the NPs can be controlled by adjusting the pore size
and shape of the MOFs. Moreover, the nanopores of the MOFs can be used as templates for the synthesis
of monodispersed NPs. Thus far, mainly Pd [8], Au [9], Ru [10], Cu [11], Pt [12], Ni [13] and Ag [14] NPs
have been incorporated into MOFs through incipient wetness impregnation, colloidal deposition, solid
grinding and chemical vapor deposition.

In recent years, atomic layer deposition (ALD) has gained renewed attention as a flexible method
for tailoring mesoporous materials toward specific catalytic applications [15–17]. ALD is a self-limited
deposition method that is characterized by alternating exposure of the substrate to vapor-phase precursors
to grow oxides, nitrides, sulfides and (noble) metals [18]. The self-limiting nature of the chemical reactions
yield atomic level thickness control and excellent uniformity on complex three-dimensional supports such
as mesoporous materials. In noble metal ALD, islands are often formed at the start of the ALD process
instead of continuous layers. This island growth can be used advantageously to synthesize noble metal
NPs on large surface area supports. Several authors have demonstrated the successful synthesis of highly
dispersed Pt NPs with narrow size distributions [19–24]. Despite the unique advantages of MOFs as a
scaffold in catalytic systems, noble metal ALD in MOFs has not yet been explored. The main challenge
for ALD in MOFs is the slow diffusion of the chemical precursors within Ångstrom sized pores [25–27].
Therefore, Hupp and coworkers fabricated a Zr-based NU-1000 MOF with large 1D hexagonal channels
(~30 Å) and successfully realized the ALD-based incorporation of acidic Al3+ and Zn2+ sites [28] and
catalytically active cobalt sulfide [29]. Computational efforts provided mechanistic insight in the interaction
of the ALD precursors with the MOF nodes [30]. Very recently, Jeong et al. reported the ALD of NiO within
the framework of MIL-101-Cr (MIL = Materials Institute Lavoisier) [31]. This MIL-101 framework consists
of two types of pores with inner pore diameters in the low mesoporous regime (~25–35 Å) and is thermally
stable up to 300 ˝C. The MIL-101 framework is built up by Cr3O-carboxylate trimers and terephthalate
linkers with octahedrally coordinated metal ions binding terminal water molecules (see Figure S1) [32].
Hwang et al. [33] have demonstrated that these coordinated water molecules can be easily removed
by a thermal treatment under vacuum at a temperature of 150 ˝C, creating coordinatively unsaturated
sites (CUSs) which could be used, besides the Cr3O trimers, as initial binding sites for the anchoring
of nanoparticles. Because of these advantages, MIL-101-Cr was selected in this work as the MOF host
for catalytically active Pt NPs synthesized by ALD. It is shown that Pt ALD results in highly dispersed,
uniformly sized NPs embedded within both the small and larger MIL-101 pores. In addition, this paper
reports on the catalytic properties of the Pt@MIL-101 material in the hydrogenation of different linear and
cyclic olefins at room temperature.

2. Results and Discussion

2.1. Characterization of Pt@MIL-101-Cr

2.1.1. X-Ray Diffraction, Nitrogen Adsorption and Determination of the Pt Loading

The Pt loading of each Pt@MIL-101-Cr material was determined by means of XRF (see Table 1).
As expected, an increasing number of ALD cycles resulted in a higher Pt loading. For the 40, 80 and
120 ALD cycles, a Pt loading of respectively 0.21, 0.30 and 0.35 mmol¨ g´1 was obtained. The latter
sample was used for the catalytic evaluation.

Table 1. Langmuir surface area (Slang) and Pt loading of the Pt@MIL-101-Cr materials (MIL = Materials
Institute Lavoisier).

Sample Pt Loading (mmol¨ g´1) Slang (m2¨ g´1) Pore volume (cm3 g´1) *

MIL-101-Cr / 3614 1.52
Pt@MIL-101-Cr-40 cycles 0.21 3418 1.47
Pt@MIL-101-Cr-80 cycles 0.3 3304 1.48

Pt@MIL-101-Cr-120 cycles 0.35 3210 1.42

* After normalization for the amount of the Pt, determined at a relative pressure P/P0 = 0.98.
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Additionally, the crystallinity of the Pt@MIL-101-Cr materials was examined by means of X-ray
powder diffraction (XRPD) measurements. In Figure 1, the XRPD patterns of the pristine MIL-101-Cr
and the Pt@MIL-101-Cr materials obtained after the ALD deposition of the Pt nanoparticles using
different cycles is presented. The XRPD pattern of each Pt@MIL-101-Cr material presents the pure
phase of the non functionalized MIL-101-Cr. This explicitly shows that the framework integrity of
the parent MOF was well preserved during the ALD deposition process, despite the use of ozone
as reactant. Nitrogen sorption measurements were carried out to determine the Langmuir surface
area of the pristine MIL-101-Cr and Pt@MIL-101-Cr materials (see Table 1 and Figure S2 for the
nitrogen adsorption isotherms). The MIL-101-Cr has a Langmuir surface area of 3614 m2/g, which
is significantly higher than the value usually reported in literature because of an extra activation
step carried out to remove the free organic linker [34,35]. Only the group of Férey reported a higher
Langmuir surface area of approximately 5900 m2/g by adding hydrogen fluoride (HF) to the synthesis
of the framework [36]. No significant change in the Langmuir surface area is observed for the
Pt@MIL-101-Cr materials obtained after 40 cycles and even after 80 ALD cycles. In addition, inspecting
the capillary condensation step in Figure S2, it is clear that there is no obvious pore size reduction upon
increasing the number of ALD cycles which is in contrast to the work of Snurr, Hupp and Farha [28,37],
but, in these cases, metal oxides were prepared by cycling a metal precursor and water in the MOF
framework. These adsorption data corroborate the finding that Pt (as a zerovalent metal) is formed as
nanoparticles inside the pores, rather than by a layer by layer deposition on the walls, which would
result in a gradual pore mouth and cage size reduction. This is further corroborated by tomography
and transmission electron microscopy (TEM) data.

Figure 1. X-ray powder diffraction (XRPD) patterns of MIL-101-Cr and the obtained Pt@MIL-101-Cr
materials (MIL = Materials Institute Lavoisier).

2.1.2. TEM Measurements

In order to investigate the Pt loading in the Pt@MIL-101-Cr, (high angle) annular dark field
scanning transmission electron microscopy measurements ((HA)ADF-STEM) were carried out on the
Pt@MIL-101-Cr-120 cycles sample. As MOFs are known to be extremely sensitive to the electron beam,
the electron dose, dwell time and the image magnification were optimized in order to acquire images
of the intact MIL-101-Cr framework [38].
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The MIL-101-Cr crystals in the Pt@MIL-101-Cr-120 cycles sample demonstrate a typical truncated
octahedral morphology, with predominant {111} facets and {100} truncation (Figure 2a). It is clear
from the high magnification ADF-STEM images (bottom row in Figure 2) that the MIL-101-Cr crystals
maintain their initial crystallinity after the ALD deposition of Pt nanoparticles. The bright contrast
features in the images correspond to the heavy Pt nanoparticles which are evenly dispersed in the
MIL-101-Cr crystals. The Pt nanoparticle size matches well with the pore diameter of the MIL-101-Cr
framework, indicating that they are likely embedded within the pores of the MIL-101-Cr framework.
To completely fill the smaller cages with Pt, around 900 Pt atoms are needed, and, in the case of the
bigger cages, ~1400 atoms, which is in accordance with the observed Pt NP size of ~2–3 nm. However,
the HA(ADF) images are only 2D projections of 3D objects. The direct method to determine the 3D
position of the nanoparticles is electron tomography which has been performed on the ALD-loaded
Pt@MIL-101 in our previous work. An additional electron tomography series was acquired in this
study (see Figure S3 and Movie M.1) on a heavily Pt loaded MIL-101-Cr crystal, which unambiguously
demonstrates that the ALD loading of Pt NP into the MIL-101-Cr frameworks leads to the embedding
of nanoparticles inside the cages of the MOF host [38]. However, it is also clear from this and our
previous study that some of the Pt is remaining at the surface, mostly in the form of larger Pt chunks.

 

Figure 2. (High angle) annular dark field scanning transmission electron microscopy measurements
((HA)ADF-STEM) (top row) and ADF-STEM (bottom row) images. (a) Fresh Pt@MIL-101-Cr-120 cycles;
(b) Pt@MIL-101-Cr-120 cycles after run 1; (c) Pt@MIL-101-Cr-120 cycles after the high concentration run.
The white arrows point to Pt nanoparticles with similar diameters to the MIL-101 framework pores.

2.2. Catalytic Results

A number of reports have already demonstrated the potential of Pt nanoparticles as hydrogenation
catalysts. Within this regard, Pt nanoparticles have been immobilized on different supports like carbon
nanotubes, silica based materials and MOFs [39,40]. While, in this study, cyclic and linear olefins were
utilized as substrates to examine the catalytic performance of Pt@MIL-101-Cr, other studies have used
this MOF for the hydrogenation of nitroarenes [41,42], cinnamaldehyde [43] and for the assymetric
hydrogenation of α-ketoesters [44]. Additionally, besides these liquid phase based hydrogenation
reactions, gas phase olefin hydrogenation reactions have been reported for Pt@MOF catalysts [45,46].
In Table 2, an overview is presented of the investigated substrates employing Pt@MIL-101-Cr-120
cycles as catalyst, compared to some other studies that used Pt@MOF catalysts, while in Figure S4 the
conversion patterns using Pt@MIL-101-Cr-120 cycles as catalyst are shown. In Table 3, the TON,
TOF and Pt leaching is presented. As can be seen from Table 2, the Pt@MIL-101-Cr-120 cycles
exhibits approximately full conversion in the hydrogenation of each examined substrate. For 1-octene
full conversion was observed after only 30 min of reaction (entry 5), whereas for styrene (entry 6)
97% conversion was noted after 3 h with the formation of respectively n-Octane and ethyl benzene.
However, it is important to note that the blank reactions for the latter substrates already showed a
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high converison. More specifically, a conversion of 37% of 1-octene was seen after 30 min of reaction
whereas, for styrene, 50% was already converted after 3 h of reaction in the absence of the catalyst. For
the other examined substrates, cyclohexene and cyclooctene, the conversions obtained for the blank
reactions were significantly lower with only 11% cyclohexene conversion after 2 h of reaction time and
no conversion of cyclooctene under these reaction conditions. In the presence of the catalyst, 94% of
cyclooctene was converted after 6 h (entry 7), whereas, for cyclohexene, 98% of conversion was noted
after just two hours of reaction (entry 8). The latter substrate can also be converted under solvent free
conditions (entry 9). Full conversion was noted after 20 h of reaction.

Table 2. Comparison of the catalytic activity of Pt@MIL-101-120 cycles with other Pt based Metal
Organic Frameworks (MOF) catalysts in the hydrogenation of cyclic and linear olefins.

Entry Catalyst Substrate
Reaction

Conditions
Reaction

Time
Conversion

Main
Product

Reference

1 Pt@MIL-101 1-octene 35 ˝C, solvent free
at 1.5 bar of H2

6 h >99% n-Octane [47]

2 Pt@ZIF-8 1-hexene RT, ethanol at 1 bar
of H2

24 h >95% n-Hexane [48]

3 Pt@ZIF-8 cyclooctene RT, ethanol at 1 bar
of H2

24 h 2.7% Cyclooctane [48]

4 Pt-Ni frame@
Ni-MOF-74 Styrene 30 ˝C, THF at 1 bar

of H2
3 h >99% / [49]

5 Pt@MIL-101 1-octene RT, ethanol at 6 bar
of H2

30 min >99% n-Octane this work

6 Pt@MIL-101 Styrene RT, ethanol at 6 bar
of H2

3h >97% Ethyl
benzene this work

7 Pt@MIL-101 cyclooctene RT, ethanol at 6 bar
of H2

6h >94% Cyclooctane this work

8 Pt@MIL-101 cyclohexene RT, ethanol at 6 bar
of H2

2h >98% Cyclohexane this work

9 Pt@MIL-101 cyclohexene 60 ˝C, solvent free
at 6 bar of H2

20h >99% Cyclohexane this work

Table 3. The turnover number (TON), turnover frequency (TOF) and leaching percentage for each
examined substrate using Pt@MIL-101-Cr-120 cycles as catalyst.

Substrate TON TOF (min´1) Reaction Time Leaching of Pt (%)

1-Octene 497 16.6 30 min <0.05 *
Styrene 482.7 3.7 3h 0.89

Cyclohexene 490 4.4 2h 0.32
Cyclooctene 468 1.93 6h <0.05 *

* Below detection limit. The TON number was determined at the end of the reaction while the TOF number was
determined after 30 min of catalysis.

Additionally, the Pt@MIL-101-Cr-120 cycles’ catalyst was compared with other Pt@MOF based
heterogeneous catalysts for the hydrogenation of linear and cyclic olefins. Although it is difficult to give
an objective comparison, as different catalytic conditions were used in these tests, it can be seen from
Table 2 that each Pt based catalyst, including the Pt@MIL-101-Cr-120 cycles, exhibits a good catalytic
performance in the hydrogenation of alkenes except for the Pt@ZIF-8 (ZIF = zeolitic imidazolate
framework) in the hydrogenation of cyclooctene. For the substrate 1-hexene, using Pt@ZIF-8, 95% of
conversion in 24 h was obtained with no side product formation, whereas almost no activity was seen
in the hydrogenation of cyclooctene (2.7%) (entry 2 and 3). The authors adressed this difference in
activity to the difference in size of the examined substates, as cyclooctene has a molecular width of
5.7 Å which exceeds the size of the apertures of ZIF-8 (3.4 Å) [48]. The pore aperture in MIL-101-Cr
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is significantly larger (12 and 15 Å), as MIL-101-Cr contains two types of cages having a diameter
of respectively 29 Å and 34 Å. The enhanced catalytic performance of the Pt@MIL-101-Cr-120 cycles
catalyst in comparison to the reported Pt@ZIF-8 for the hydrogenation of cyclooctene can be assigned
to this difference in pore aperture. For cyclohexene, styrene and cyclooctene the turnover frequency
(TOF) is respectively 4.4 min´1, 3.7 min´1 and 1.93 min´1, as can be expected as the kinetics slow
down as the molecules become larger. Furthermore, the room temperature based conversion of styrene
in this work, in a very recent study of Li et al. [49], the latter substrate was fully converted at the same
reaction time (3 h) under a H2 pressure of 1 bar through use of a bimetallic Pt-Ni frame@MOF-74, but
no product distribution was presented (entry 4).

2.3. Reusability and Stability Tests

To examine the reusability of the Pt@MIL-101-Cr-120 cycles catalyst, a high concentration run
was carried out in which 10 times more substrate was added in comparison to the previous catalytic
experiments, without changing the catalyst loading. This procedure is employed when little catalyst
is available, as repeated filtration steps result in cumulative catalyst losses. In addition, 250 Mmol
of cyclooctene was added into the Parr reactor and the reaction was monitored until full conversion
was obtained. As can be seen from Figure S5, nearly full conversion was reached after approximately
168 h of reaction. This observation demonstrates that the Pt@MIL-101-Cr-120 cycles catalyst does
not lose its activity nor becomes deactivated during many turnovers. Additionally, during this high
concentration run, only a negligible amount of Pt NPs was leached out: 0.81% of Pt was leached from
the Pt@MIL-101-Cr-120 cycles. The turnover number TON (determined at the end of the reaction)
and TOF (determined after 2 h of catalysis) number for this concentrated run is respectively 4859 and
108 h´1. Comparison of the XRPD patterns of the Pt@MIL-101-Cr-120 cycles before and after catalysis
clearly shows that no changes are observed in the XRPD pattern of the Pt@MIL-101-Cr-120 cycles after
catalysis when compared to the pristine MOF, even after the high concentration run (see Figure 3).
The latter observation shows that the framework integrity of the MOF was preserved.

Figure 3. XRPD pattern of the pristine catalyst and after the first run and the concentrated run.

Additionally, in Figure S6, the nitrogen adsorption isotherms are presented for the Pt@MIL-101
material before and after catalysis. From this figure, one can see that the Langmuir surface area
slightly decreased after catalysis, which is probably due to a partial clogging of the pores during the
catalytic testing. The fresh catalyst has a Langmuir surface area of 3210 m2/g, the Pt@MIL-101-Cr-120
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cycles-run 1 and Pt@MIL-101-Cr-120 cycles-concentrated run have a Langmuir surface area of 2650
and 2700 m2/g respectively. Moreover, annular dark field scanning transmission electron microscopy
measurements were carried out on the Pt@MIL-101-Cr-120 cycles after run 1 (Figure 2b) and after
the high concentration run (Figure 2c). It can be seen from these images that the morphology of the
MIL-101 particles remains similar to these of the fresh Pt@MIL-101-Cr-120 cycles sample and that the
MIL-101 framework retains its crystalline nature. Additionally, no significant agglomeration of the Pt
nanoparticles is observed, even after the high concentration run.

3. Experimental Section

3.1. Materials and Methods

All chemicals were purchased from Sigma Aldrich (Diegem, Belgium) or TCI Europe (Zwijndrecht,
Belgium) and used without further purification. Nitrogen adsorption experiments were carried out
at ´196 ˝C using a Belsorp-mini II gas analyzer (Rubotherm, Bochum, Germany). Prior to analysis,
the samples were dried under vacuum at 90 ˝C to remove adsorbed water. XRPD patterns were
collected on a ARL X’TRA X-ray diffractometer (Thermo Fisher Scientific, Erembodegem, Belgium)
with Cu Ka radiation of 0.15418 nm wavelength and a solid state detector. XRF measurements were
performed on a NEX CG from Rigaku (Addspex, Abcoude, the Netherlands) using a Mo-X-ray source
(Addspex, Abcoude, the Netherlands) Elemental analyses was conducted using a Vista-MPX CCD
Simultaneous Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES) (Waltham, MA,
USA). HAADF-STEM and ADF-STEM imaging was carried out on a FEI Tecnai Osiris microscope
(Hillsboro, Oregon, USA), operated at 200 kV. The convergence semi-angle used was 10 mrad, the
inner ADF detection angle was 14 mrad, the inner HAADF-STEM detection angle was 50 mrad.

3.2. Catalytic Setup

In each catalytic test, the Parr reactor was loaded with 70.0 mL ethanol and 2.84 mL of dodecane
used respectively as solvent and internal standard. The examined substrates in this study are 1-octene,
styrene, cyclooctene and cyclohexene (25 mmol). The Pt@MIL-101-Cr-120 cycles was used as the
catalyst. For each examined substrate, the same loading of active sites was employed. More specifically
in every catalytic test, 0.05 mmol Pt sites were used which give rise to a molar ratio of substrate:
catalyst of 500:1. The TON number was calculated by dividing the mmol obtained product by the
number of active sites while the TOF number was determined by dividing the TON number by the
reaction time (expressed in minutes). All the catalytic tests were performed at room temperature and
at a pressure of 6 bar H2. During each test, aliquots were gradually taken out of the mixture and
subsequently analyzed by means of gas chromatography (GC) using a split injection (ratio 1:17) on a
Hewlett Packard 5890 Series II GC with TCD detection (Santa Clara, CA, USA). The capillary column
used was a Restek XTI-5 column (Bellefonte, PA, USA) with a length of 30 m, an internal diameter of
0.25 mm and a film thickness of 0.25 μm. H2 was used as carrier gas under constant flow conditions
(1.4 mL/min).The fresh catalyst was activated under vacuum at 90 ˝C overnight prior to catalysis.
After each catalytic run, the catalyst was recovered by filtration, washed with acetone, and dried at
90 ˝C overnight under vacuum.

3.3. Synthesis of MIL-101-Cr and Pt@MIL-101-Cr

The MIL-101-Cr was synthesized according to a slightly modified procedure of Edler et al. [34].
Typically, 0.6645 g of terephthalic acid was mixed with 1.6084 g of Cr(NO3)3¨ 9H2O and 20 mL of
destilled water. The mixture was transferred into a Teflon-lined autoclave, sealed and heated in 2 h
to 210 ˝C at which it was hold for 8 h. After cooling down to room temperature, the MIL-101as was
filtered, washed with acetone and stirred in dimethylformamide for 24 h at 60 ˝C to remove unreacted
terephthalic acid. Thereafter, the MIL-101 was stirred in 1M HCl for 12 h at room temperature,
filtered and dried under vacuum at 90 degrees overnight. The deposition of the Pt nanoparticles
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was achieved by means of ALD. Pt ALD on the powder sample was performed at 200 ˝C using
(methylcyclopentadienyl)-trimethylplatinum [MeCpPtMe3] as Pt source and O3 as reactant [50]. All the
depositions were conducted in a home built experimental cold-wall ALD chamber connected through
a gate valve to a turbo pump backed up by a rotary pump. A second gate valve was installed for
pre-evacuation of the chamber via a bypass line to the rotary pump. The powder sample was loaded
in a molybdenum sample cup which was then transferred into the ALD reactor through the load-lock
and was placed on a heater block. After loading into the reactor, the powder sample was allowed
to outgas and thermally equilibrate for at least 1 h under vacuum. The solid MeCpPtMe3 precursor
(99% Strem Chemicals), kept in a stainless steel container, was heated above its melting point (30 ˝C),
and the delivery line to the chamber was heated to 60 ˝C. Argon was used as a carrier gas for the Pt
precursor. O3 was produced from a pure O2 flow with an OzoneLab™ OL100 ozone generator (Ozone
Services, Burton, BC, Canada), resulting in an O3 concentration of 175 μg/mL. A static exposure mode
was applied during both ALD half-cycles [1,4]. The pulse time of the MeCpPtMe3 precursor was 10 s,
after which the valves to the pumping system were kept closed for another 20 s, resulting in a total
exposure time of 30 s. The same pulse time and exposure time was used for the O3 also. The effect of
the exposure times on the Pt loading was not studied in detail. Nevertheless, these exposure times
were found to be large enough to ensure penetration deep into the MOF crystals. During the precursor
and reactant exposures, the pressure in the chamber increased to ca. 5 ˆ 10´1 mbar and 1 mbar,
respectively. In between the two exposures, the valve to the rotary pump was first opened for 10 s and
then the valve to the turbo pump was opened for another 50 s to reach the base pressure.

4. Conclusions

Pt NPs were synthesized in situ within MIL-101-Cr by means of ALD, enabling the varying of Pt
loading by changing the number of ALD cycles. Highly dispersed Pt NPs were obtained with sizes
determined by the pore sizes of the MOF host. The Pt@MIL-101 materials maintained their porosity
and crystallinity during the synthesis of the Pt NPs and during the catalytic hydrogenation of cyclic
and linear olefins. Full conversion for every substrate was obtained using Pt@MIL-101 as catalyst
under mild reaction conditions. Moreover, even under solvent free conditions, full conversion was
shown with negligible leaching of Pt. Stability tests have demonstrated that the Pt@MIL-101 catalyst is
stable for a long reaction time without loss in crystallinity or agglomeration of the Pt NPs, and with a
high TOF and TON number.
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Abstract: Nickel nanoparticle-decorated phosphorous-doped graphitic carbon nitride (Ni@g-PC3N4)
was synthesized and used as an efficient photoactive catalyst for the reduction of various nitrobenzenes
under visible light irradiation. Hydrazine monohydrate was used as the source of protons and electrons
for the intended reaction. The developed photocatalyst was found to be highly active and afforded
excellent product yields under mild experimental conditions. In addition, the photocatalyst could
easily be recovered and reused for several runs without any detectable leaching during the reaction.

Keywords: carbon nitride; nickel nanoparticles; photocatalysis; visible light; nitrobenzene reduction

1. Introduction

Solar energy is abundant, inexpensive and has great potential for use as a clean and economical
energy source for organic transformations [1–4]. Thus, the efficient conversion of solar energy to
chemical energy, i.e., visible light-driven chemical conversion (photocatalysis) is an area of tremendous
importance and has been rapidly growing worldwide during the last two decades. The reduction of
nitrobenzenes to the corresponding amines is an important transformation both in organic synthesis
as well as in the chemical industry [5–7]. The conventional methods for this reaction mainly require
harsh reaction conditions, expensive reagents, multi-step synthetic procedures and mostly generate
hazardous waste [8,9]. Owing to the current need to develop greener and sustainable synthesis, the
visible light-assisted reduction of nitrobenzenes to the corresponding amines is highly desired, as
these reactions occur under mild and ambient conditions [10]. So far, semiconducting materials,
mainly TiO2-based heterogeneous photocatalysts, have been widely used for the reduction of
nitrobenzenes [11]. However, these photocatalysts work only under ultraviolet (UV) irradiation,
which is a small part of the solar spectrum and also needs special reaction vessels. In order to improve
their efficiency in the visible region, surface modification of the TiO2 photocatalyst by doping metal or
metal oxides, oxide halides (i.e., PbPnO2X (Pn = Bi, Sb; X = Br, Cl) and sensitization with dyes has also
been demonstrated [12–14]. However, the tedious synthetic procedures and poor product yields limit
the synthetic utility of these methods.
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Another semiconducting material, i.e., carbon nitride, has gained significant attention in recent
years due to its low band gap (2.7 eV) and easy synthesis method [15–17]. The graphitic carbon nitride
(g-C3N4) is a two dimensional (2D) polymer consisting of interconnected tri-s-triazine units via tertiary
amines. The low band gap and the appropriate position of the conduction (´1.1 eV) and valence
(+1.6 eV) bands enable it to initiate any redox reaction [18]. Despite of several advantages, it also suffers
from certain drawbacks such as only being able to absorb blue light up to the 450 nm wavelength, so
the red region of visible light cannot be harvested. In order to widen the absorption profile in the whole
visible region, the doping of elements such as phosphorus (P), boron (B), fluorine (F), etc is important
because these atoms form bonds with nitrogen and contribute their electrons to the π-conjugated
system more efficiently. Recently, Zhang et al. synthesized P-doped g-C3N4 with an improved
photocurrent response by using 1-butyl-3-methylimidazolium hexafluorophosphate (BmimPF6) as
a source of phosphorous [19]. Hong and coworkers synthesized sulfur-doped mesoporous carbon
nitride (mpgCNS) using an in situ doping method, which showed increased photocatalytic performance
for the solar hydrogen production [20]. Wang et al. synthesized fluorine-doped carbon nitride by
using ammonium fluoride as a cheap source of fluorine for the enhanced visible light-driven hydrogen
evolution reaction [21]. Very recently, our group reported an iron(II) bipyridine complex grafted
nanoporous carbon nitride (Fe(bpy)3/npg-C3N4) photocatalyst for the visible light-mediated oxidative
coupling of benzylamines to imines [22].

In continuation of our ongoing research on the development of novel photocatalysts [23–25],
herein we report for the first time on nickel nanoparticles grafted on P-doped g-C3N4 (Ni@g-PC3N4)
as a high-performance photocatalyst for the reduction of nitrobenzenes to the corresponding amines at
ambient temperature under visible light irradiation (Scheme 1). Due to better visible light absorption,
P-doped carbon nitride can generate electron-hole pairs under visible light irradiation, while nickel
nanoparticles, due to their lower Fermi level than conduction band of P-C3N4, can work as electron
capturing agents to slow down the process of electron-hole recombination and enhance the catalytic
activity and reaction rate.

Scheme 1. Reduction of nitrobenzenes on Ni@g-PC3N4 (nickel nanoparticles grafted on P-doped
g-C3N4) catalyst.

2. Results and Discussion

2.1. Synthesis and Characterization of the Photocatalyst

At first, nickel nanoparticles were synthesized by reducing nickel chloride hexahydrate by sodium
borohydride in the presence of cetyltrimethylammonium bromide (CTAB) as a template by following
the literature procedure in [26]. Next, the synthesis of phosphorous-doped graphitic carbon nitride
(g-PC3N4) was performed by using ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate
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[BmimPF6] as a source of phosphorous and dicyandiamide as a precursor for the graphitic carbon
nitride skeleton [17,27]. Nickel nanoparticle-decorated phosphorous-doped carbon nitride (Ni@g-PC3N4)
with variable nickel content (2–7.5 wt %) was synthesized by the addition of nickel nanoparticles, BmimPF6

and dicyandiamide into water with continuous stirring. The resulting suspension was heated at 100 ˝C
until all the water was evaporated. Then, the obtained solid was heated at a programmed temperature
in a similar manner to the one used for P-doped carbon nitride (Scheme 2). Bare graphitic carbon
nitride (g-C3N4) was synthesized for comparison by heating dicyandiamide under identical programmed
temperature. Among the various nanocomposites synthesized, 5% nickel nanoparticles grafted on
P-doped g-C3N4 (5%Ni@PC3N4) exhibited the best performance for the photocatalytic reduction of
nitrobenzene; thus, we have used this photocatalyst for detailed characterization and further studies.

Scheme 2. Synthetic illustration of Ni@g-PC3N4 catalyst. NiNPs: nickel nanoparticles; BmimPF6:
1-butyl-3-methylimidazolium hexafluorophosphate.

The surface morphology of the synthesized materials was determined by field emission scanning
electron microscopy (FE-SEM). The graphitic carbon nitride (g-C3N4) showed many enfolded and
crumpled sheet-like structures (Figure 1a). The framework of C3N4 contains nitrogen as a substituted
heteroatom forming similarly to the π-conjugated system, as in graphitic planes, due to sp2 hybridization
between carbon and nitrogen atoms. The phosphorous-doped carbon nitride (g-PC3N4) exhibits
similar morphological characteristics (Figure 1b). In the case of nickel nanoparticle-grafted g-PC3N4

(5%Ni@g-PC3N4), a similar sheet-like morphology was observed that may be due to the incorporation
of nickel nanoparticles between the graphitic carbon nitride sheets (Figure 1c). The energy dispersive
X-ray spectroscopy (EDX) pattern of g-PC3N4 clearly showed the presence of phosphorous (Figure 1e)
and, in 5%Ni@g-PC3N4, the peak due to nickel can clearly be seen, which confirmed the presence of
both components in the synthesized photocatalyst (Figure 1f).

The fine morphological features of the synthesized materials were determined with the help of
high-resolution transmission electron microscopy (HRTEM). The transmission electron microscopy
(TEM) image of g-C3N4 at 100 nm resolution displayed enfolded sheets of carbon nitride (Figure 2a).
For g-PC3N4, similar folded sheet-like structures were observed, indicating that phosphorus doping
did not change the structural features of the material (Figure 2b). In the TEM image of 5%Ni@g-PC3N4,
several small dark spots were observed, suggesting the presence of nickel nanoparticles between the
scaffolds of graphitic structure of phosphorous-doped carbon nitride (Figure 2c). The presence of
several rings and bright spots in the selected area electron diffraction (SAED) pattern of 5%Ni@g-PC3N4

confirmed the presence of nickel nanoparticles in the composite structure (Figure 2d). Further EDX
patterns of 5%Ni@g-PC3N4 revealed the presence of all the expected elements in the photocatalyst
(Figure 2e).
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Figure 1. Field emission scanning electron microscopy (FE-SEM) image of: (a) graphitic carbon nitride
(g-C3N4); (b) phosphorous-doped graphitic carbon nitride (g-PC3N4); (c) nickel nanoparticle-grafted
g-PC3N4 (Ni@g-PC3N4); energy dispersive X-ray spectroscopy (EDX) pattern of: (d) g-C3N4;
(e) g-PC3N4; (f) 5%Ni@g-PC3N4.

Figure 2. Transmission electron microscopy (TEM) images of: (a) g-C3N4; (b) g-PC3N4; (c) Ni@g-PC3N4;
(d) selected area electron diffraction (SAED) pattern of Ni@g-PC3N4; (e) EDX pattern of Ni@g-PC3N4.

61



The vibrational spectra of the synthesized materials are depicted in Figure 3. The Fourier transform
infrared (FTIR) spectrum of as-synthesized nickel nanoparticles by using cetyl trimethylammonium
chloride as a template was found to be well in agreement with the known literature and gave peaks at
676 cm´1 due to the Ni–O stretch of oxidized nickel [28]. Some additional peaks were also identified
that may be due to the residual template molecules in the particles. The FTIR spectrum of carbon
nitride (g-C3N4) showed a characteristic peak at 815 cm´1 related to C–N heterocycles due to the
triazine ring mode. Another peak in the range of 1200–1600 cm´1, attributed to the specific aromatic
skeleton vibration of carbon nitride, was observed [29]. A broad band was evident in the range of
3000–3700 cm´1 corresponding to adsorbed moisture, i.e., the presence of water molecules, or due
to the stretching mode of –NH2, which are uncondensed amine groups, or to N–H group vibrations
present at the surface of carbon nitride (Figure 3a). For the P-doped carbon nitride (g-PC3N4), peaks
related to C–N at 1520, 1440 and 1310 cm´1 were found to be diminished, which is mainly due to the
displacement of some carbon atoms in the ring skeleton by the phosphorous atoms to give P–N bonds.
Furthermore, a new peak at 980 cm´1 due to the vibration of the C–P heterocycle was clearly observed
(Figure 3c). For the 5%Ni@g-PC3N4, the appearance of some peaks due to nickel nanoparticles with
g-PC3N4 confirmed the successful synthesis of nickel-grafted P-doped g-C3N4 (Figure 3d).

Figure 3. Fourier transform infrared (FTIR) spectra of: (a) nickel nanoparticles (NiNPs); (b) g-C3N4;
(c) g-PC3N4; (d) 5%Ni@g-PC3N4.

The crystallinity and phase structure of the nanocomposites were determined by X-ray diffraction
(XRD) (Figure 4). The XRD diffraction pattern of graphitic carbon nitride (g-C3N4) revealed an intense
broad peak at the 2θ value of 27.4˝, indexed to (002) planes with 0.32 nm interlayer distance due
to the stacking of graphite-like conjugated triazine aromatic sheets, which matches well with Joint
committee on powder diffraction standards (JCPDS) 87–1526 for g-C3N4 (Figure 4a) [30]. The g-PC3N4

also exhibited an identical diffraction pattern; however, the intensity of the peak at 27.4˝ was found to
be reduced due to the replacement of carbon atoms by phosphorous atoms (Figure 4b). The diffraction
pattern of the 5%Ni@g-PC3N4 did not show any peak of nickel nanoparticles. This is most likely due
to the amorphous nature of the material (Figure 4c). Furthermore, the peak at 27.4˝ was absent in
5%Ni@g-PC3N4, which was most probably due to the intercalation of nickel nanoparticles between the
sheets. Therefore, the interlayer distance between sheets increased and the diffraction due to stacked
sheets disappeared.
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Figure 4. X-ray diffraction (XRD) patterns of: (a) g-C3N4; (b) g-PC3N4; (c) 5%Ni@g-PC3N4. a.u.:
arbitrary units.

To determine the surface properties of the synthesized materials, N2 adsorption-desorption
isotherms were determined by using multilayer Brunauer–Emmett–Teller (BET) adsorption-desorption
theory. As seen in Figure 5, the adsorption-desorption isotherms were of type IV, suggesting the
mesoporous nature of the materials [31]. The BET surface area (SBET), total pore volume (Vp) and
mean pore diameter (rp) of g-C3N4 were found to be 14.67 m2¨ g´1, 0.15 cm3¨ g´1 and 4.21 nm, while
for g-PC3N4 these values were determined to be 24.59 m2¨ g´1, 0.14 cm3¨ g´1 and 3.83 nm, respectively.
For the 5%Ni@g-PC3N4 surface area (SBET), the total pore volume (Vp) and mean pore diameter (rp)
were 48.62 m2¨ g´1, 0.17 cm3¨ g´1 and 2.64 nm, respectively. The change in the surface properties clearly
indicated the grafting of nickel nanoparticles between the sheets of carbon nitride (Figure 5). The higher
surface area provides more sites for reaction to proceed on the surface of the Ni@g-PC3N4 catalyst.

Figure 5. N2 adsorption-desorption isotherm and pore size distribution of: (a) g-C3N4; (b) g-PC3N4;
(c) 5%Ni@g-PC3N4.

Electronic and optical properties are of fundamental importance to determine the photo activity
of a catalyst. The absorption properties of synthesized materials were determined by UV-visible
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(UV-Vis) spectroscopy. The UV-visible spectrum of pure g-C3N4 shows an absorption spectrum similar
to a typical semiconductor absorption spectrum between 200–450 nm, originating from the charge
transfer from a populated valence band of nitrogen atom (2p orbitals) to a conduction band of carbon
atom (2p orbitals) of carbon nitride [32]. An additional sharp peak at 256 nm, attributed to the aromatic
ring’s π Ñ π* transition, was observed. Another intense peak at 384 nm, due to the n Ñ π* transitions
caused by the electron transfer from a nitrogen nonbonding orbital to an aromatic anti-bonding orbital,
was also present in the UV-Vis spectrum. The band tailing from 410 to 500 nm suggests a slight
visible light absorption capacity of carbon nitride (Figure 6a). After doping with phosphorous atoms,
the absorption band due to the nitrogen nonbonding to aromatic antibonding (n Ñ π*) transition
was diminished due to the replacement of carbon atoms with phosphorous, whereas the absorption
pattern was found to be redshifted due to the better charge contribution by loosely bound electrons
of phosphorous in the aromatic conjugated system (Figure 6b) [33]. After incorporation of nickel
nanoparticles (5%Ni@g-PC3N4), the material exhibited lower absorbance in the visible region as the
nickel nanoparticles have lower absorbance in the visible region, and therefore reduce the absorption
profile in the visible region (Figure 6c).

Figure 6. Ultraviolet–visible (UV-Vis) absorption spectra of: (a) g-C3N4; (b) g-PC3N4;
(c) 5%Ni@g-PC3N4.

In order to confirm the visible light absorption of the synthesized photocatalysts, a Tauc plot was
obtained as shown in Figure 7. From the Tauc plot, the band gap value for the g-C3N4 was determined
to be 2.69 eV due to the uneven synthesis of sheets, and was well in concordance with the existing
literature [18]. After doping with phosphorous atoms (g-PC3N4), the value of the band gap decreased
to 1.45 eV, which may be due to the displacement of carbon atoms by the phosphorous atoms in the
triazine ring skeletons of carbon nitride. For the 5%Ni@g-PC3N4, a band gap value of 1.52 eV was
calculated, which is nearly similar to that of g-PC3N4.

The thermal stability of the synthesized materials was examined by thermogravimetric analysis
(Figure 8). A thermogravimetric analysis (TGA) pattern of pristine nickel nanoparticles showed steady
weight loss (approx. 15%) from 100 to 500 ˝C, which may be due to loss of the residual organic
template (CTAB) and loss of other oxygen-carrying functionalities during the crystallization step
(Figure 8a). The thermogram of g-C3N4 exhibited a sharp weight loss in the range of 560 to 720 ˝C
(Figure 8b). The P-doped g-C3N4 displayed a similar weight loss pattern as g-C3N4 (Figure 8c). For the
5%Ni@g-PC3N4, a small weight loss at around 100 ˝C was observed due to the loss of moisture,
followed by steady weight loss up to 700 ˝C due to the loss of template in nickel and the slow
degradation of the phosphorous-doped sheets. At 770 ˝C, a sharp weight loss was observed due to the
complete degradation of P-doped carbon nitride sheets (Figure 8d).
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Figure 7. Tauc plots of (a) g-C3N4; (b) g-PC3N4; (c) Ni@g-PC3N4. α: absoption coefficient; hν: energy
of incident photon.

Figure 8. Thermogravimetric analysis (TGA) spectra of: (a) NiNPs; (b) g-C3N4; (c) g-PC3N4;
(d) 5%Ni@g-PC3N4.

2.2. Photocatalytic Reduction Reaction

The photocatalytic activity of the synthesized NiNPs, g-C3N4, g-PC3N4 and 2–7.5%Ni@g-PC3N4

catalysts was tested for the reduction of nitrobenzene as a model substrate using hydrazine monohydrate
as a proton source under visible light irradiation. The results of these optimization experiments are
summarized in Table 1. There was no conversion obtained with pristine nickel nanoparticles (NiNPs)
(Table 1, entry 1). However, the yield of product was found to be 24.6 % when g-C3N4 was used as a
photocatalyst (Table 1, entry 2). In case of P-doped g-PC3N4, the yield of aniline increased up to 54.2%,
which clearly indicated the promoting effect of P-doping due to the better visible light absorption
(Table 1, entry 3). Furthermore, the yield of aniline increased to manifold by using Ni@g-PC3N4 and,
after 8 h of visible light irradiation, the yield reached 96.5% (Table 1, entries 4–6). This increase in the
reaction rate and product yield can be explained because the nickel nanoparticles work as electron
sinks, and the photogenerated electrons flow from conduction band of g-PC3N4 to nickel nanoparticles.
This makes the electron unavailable for the recombination and therefore increases the activity of the
catalyst. We also determined the optimum nickel content in the photocatalyst. It was found that
among all the synthesized Ni@g-PC3N4 nanocomposites having variable nickel contents (2–7.5 wt %
Ni), the nanocomposite having 5 wt % nickel nanoparticles was the most active and afforded maximum
product yield (Table 1, entry 5). In the case of 2%Ni, the yield of product was lower, whereas no
significant enhancement was observed with increasing the concentration of Ni beyond 5% (Table 1,
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entry 6). Furthermore, the reaction did not take place in dark conditions at ambient temperature by
using g-C3N4, g-PC3N4 and Ni@g-PC3N4 photocatalysts, which clearly revealed that the reaction was
visible light promoted (Table 1). The use of hydrazine hydrate was found to be essential as it provided
required protons and no product was formed in the absence of hydrazine hydrate (Table 1, entry 5).

Table 1. Results of optimization experiments a. NiNPs: nickel nanoparticles; g-C3N4: graphitic carbon
nitride; g-PC3N4: phosphorous doped g-C3N4; Ni@g-PC3N4: nickel nanoparticles grafted on P-doped
g-C3N4; TOF: turn over frequency.

Entry Catalyst Conditions Time (h) AnilineYield (%) b TOF (h´1)

1 NiNPs
Dark 24 - -

Visible light - - -

2 g-C3N4
Dark 24 - -

Visible light 12 24.6 2.0

3 g-P-C3N4
Dark 24 - -

Visible light 12 54.2 4.5

4 2%Ni@g-PC3N4
Dark 24 - -

Visible light 8 82.0 10.2

5 5%Ni@g-PC3N4

Dark 24 Trace -
Visible light 8 96.5 12.1
Visible light 24 c - c - c

6 7.5%Ni@g-PC3N4
Dark 24 10 0.4

Visible light 8 97.0 12.1
a Reaction conditions: nitrobenzene, 0.1 mmol; catalyst, 25 mg; hydrazine monohydrate, 1 mmol; Irradiation,
White cold 20 W light emitting diode (LED) λ > 400 nm, Power at reaction vessel 70 W/m2; b Isolated yield;
c without hydrazine monohydrate.

Based on these optimization experiments, 5%Ni@g-PC3N4 was selected as the optimum catalyst
for further studies. The reaction was further generalized for various substituted nitrobenzenes and the
results are summarized in Table 2. It can be seen that the substituent effect did not play much of a role
and excellent product yields were obtained in all cases within 8 to 10.5 h.

Table 2. 5%Ni@g-PC3N4 catalyzed photoreduction of nitrobenzenes a.

Entry Reactant Product Time/h Conversion (%) b Yield (%) c TOF (h´1)

1 8.0 98.0 96.5 12.1

2 8.0 95.5 94.2 11.7

3 8.0 96.4 95.4 11.9

4 8.0 94.8 93.0 11.6

5 8.0 95.6 94.2 11.7

6 8.0 96.0 94.6 11.8

7 8.5 90.5 89.4 10.5

8 8.5 92.4 91.0 10.7

9 10.5 93.6 92.8 8.8

10 10.5 90.4 89.6 8.5

a Reaction conditions: nitro compound, 0.1 mmol; catalyst, 25 mg; hydrazine monohydrate, 1 mmol; Irradiation,
White cold 20 W LED λ > 400 nm, Power at reaction vessel 70 W/m2; b Conversion (Conv.) was determined
with gas chromatography (GC); c Isolated yield.

The experiments were performed to probe the heterogeneous nature and reusability of the
photocatalyst. After the completion of the reaction, the photocatalyst was recovered by centrifugation,
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washed with methanol and dried at 50 ˝C. The recovered photocatalyst was reused for five subsequent
runs under described experimental conditions. No significant loss was observed in the activity of the
recycled catalyst, and the product yield remained almost unchanged even after five recycling experiments,
which confirmed the true heterogeneous nature of the developed photocatalyst. Furthermore, an
inductively coupled plasma-atomic emission spectrometry (ICP-AES) analysis of the photocatalyst after
five recycling experiments showed a nickel content of 4.92 wt %, which is nearly similar to that of a fresh
catalyst (4.98 wt %). These results confirmed that the developed photocatalyst was truly heterogeneous
in nature and had not shown any detectable leaching during the reaction (Figure 9).

Figure 9. Results of recycling experiments.

Although the exact mechanism of the reaction is not clear at this stage, we assume that the
generation of electron-hole pairs after the absorption of visible light is the first step to initiate the
reaction [34]. Since the optical band gap of P-doped g-PC3N4 is 1.52 eV, it can generate electrons
and holes in its conduction and valence band, respectively. Electrons from the conduction band
of P-doped carbon nitride get transferred to nickel nanoparticles due to lower Fermi level, which
therefore work as electron sinks and capture the photogenerated electrons and prevent back charge
recombination [35]. The electrons from NiNPs are transferred to nitrobenzene, which initiate a one
electron reduction step [36]. The holes in the valence band of g-PC3N4 oxidize hydrazine hydrate and
generate electrons and protons along with nitrogen gas. The protons were used for the hydrogenation
of activated molecules of nitrobenzene. As for the reduction of nitrobenezene to aniline, six protons and
six electrons are required, so 3/2 NH2NH2¨ H2O mole were consumed per mole of reactant (Scheme 3).

Scheme 3. Plausible mechanism on the basis of the band gap structure for the visible light reduction of
nitrobenzenes by Ni@g-PC3N4 photocatalyst. CB: conduction band; VB: valence band.
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3. Experimental Section

3.1. Materials

Dicyandiamide (99%), 1-butyl-3-methylimidazolium hexafluorophosphate [BmimPF6] (ě98.5%),
nickel chloride hexahydrate (ě98%), cetyltrimethylammonium bromide (ě98%) and sodium
borohydride (ě98.0%) were purchased from Aldrich (St. Louis, MO, USA) and used as received.
All substrates and solvents were purchased from Merck India Ltd (Mumbai, Maharashtra, India) and
used without further purification.

3.2. Characterizations

The rough morphological surface properties of materials were determined with the help
of scanning electron microscopy (SEM) using FE-SEM (Jeol Model JSM-6340F (Tokyo, Japan).
For elaborating the fine structure of the catalysts, high-resolution transmission electron microscopy
(HRTEM) was used and HRTEM images were collected on FEI-TecnaiG2 Twin TEM (Hillsboro, OR,
USA) operating at an acceleration voltage of 200 kV. For sample preparation, a very dilute suspension
of material was deposited on a carbon coated TEM grid. TEM images were processed on GATAN
micrograph software (Munchen, Germany). The vibration spectra (FT-IR) of samples were recorded on
a Perkin–Elmer spectrum RX-1 IR spectrophotometer (Waltham, MA, USA) using a potassium bromide
window. X-ray diffraction patterns for determining the phase structure and crystalline properties of the
materials were obtained on a Bruker D8 Advance diffractometer (Billerica, MA, USA) working at 40 kV
and 40 mA with Cu Kα radiation (λ = 0.15418 nm). Nitrogen adsorption-desorption isotherms for
calculating surface properties like Brunauer-Emmet-Teller surface area (SBET), Barret-Joiner-Halenda
(BJH) porosity, pore volume, etc., were acquired on a VP. Micromeritics ASAP2010 (Norcross, GA,
USA) at 77 K. UV-Vis absorption spectra of solid samples were collected on a Perkin Elmer lambda-19
UV-VIS-NIR spectrophotometer (Waltham, MA, USA) by making 1 mm thick pellets using BaSO4 as
reference. To check the thermal stability of materials, thermogravimetric analysis (TGA) was performed
by using a TA-SDT Q-600 thermal analyser (Champaign, IL, USA) in the temperature range of 45 to
800 ˝C under nitrogen flow with a heating rate of 10 ˝C/min. To determine the nickel content in the
synthesized composites, ICP-AES analysis was performed by using inductively coupled plasma atomic
emission spectrometer (ICP-AES, DRE, PS-3000UV, Leeman Labs Inc., Hudson, NH, USA). Samples
for ICP-AES were made by digesting a calculated amount of samples with nitric acid followed by
filtration and making volume up to 10 mL by adding deionized water.

3.3. Synthesis of Nickel Nanoparticles [26]

Nickel nanoparticles were synthesized by following a literature procedure. In brief, to an aqueous
suspension of nickel chloride hexahydrate (0.152 mmol, 0.019 g) and cetyltrimethyl ammonium
bromide, CTAB (0.288 mmol, 0.105 g), an aqueous solution (1.5 mL) of NaBH4 (0.020 g, 0.526 mmol)
was added dropwise. The mixture was vigorously stirred to obtain a black suspension. The particles
were separated by centrifugation and washed with water several times.

3.4. Synthesis of Phosphorous-Doped Graphitic Carbon Nitride (g-PC3N4) [19,27]

Phosphorous-doped graphitic carbon nitride was synthesized by using BmimPF4 as a source of
phosphorous. The phosphorous containing ionic liquid, BmimPF4 (0.5 g) was dissolved in water (6 mL)
and stirred for 5 min. After that, dicyandiamide (1 g) was added to this solution and the mixture was
heated at 100 ˝C until all the water had completely evaporated, which resulted in the formation of
a white solid. The obtained solid was subjected to heating at a programmed temperature. Firstly the
sample was heated up to 350 ˝C within 2 h, then the temperature was maintained at a constant for the
next 4 h. The temperature was then raised to 550 ˝C in 1 h and then this temperature was maintained
at a constant for the next 4 h. The sample was collected at room temperature.
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3.5. Synthesis of Nickel Nanoparticles Decorated on Phosphorous-Doped Graphitic Carbon Nitride (Ni@g-PC3N4)

For the synthesis of nickel nanoparticle-decorated carbon nitride, nickel particles were added
along with BmimPF4 and dicyandiamide during the synthesis step. Then the sample was heated at
a programmed temperature as in the synthesis of P-doped carbon nitride.

3.6. Photocatalytic Reduction Experiment

To check the activity of the catalyst for the visible light mediated reduction, a 20 watt LED (Model
No. HP-FL-20W-F-Hope LED Opto-Electric Co., Ltd (Shenzhen, China), λ > 400 nm) was used as
a source of visible light. A round bottom flask was charged with 25 mg of 5%Ni@g-PC3N4 catalyst,
0.1 mmol of nitrobenzene and 1.0 mmol of hydrazine monohydrate in 10 mL solvent mixture of
acetonitrile/DCM/methanol. After sonication for 10 min, the resulting mixture was irradiated under
visible light. To monitor the progress of the reaction, the sample was withdrawn at a certain period of
time and analyzed by gas chromatography-flame ionization detector (GC-FID). After the completion of
the reaction, the solvent was removed by rotary evaporation and the product was isolated using column
chromatography. The identification of product was done by gas chromatography-mass spectrometry
(GC-MS) and 1H-nuclear magnetic resonance (1H-NMR).

4. Conclusions

We have synthesized a novel, highly efficient and visible light-active nickel nanoparticles-
decorated P-doped carbon nitride for the selective hydrogenation of nitro compounds to the
corresponding amines in the presence of hydrazine monohydrate as a proton donor. Due to P-doping,
the developed photocatalyst absorbs the maximum part of the visible region and nickel nanoparticles
work as an electron trap. The developed photocatalyst was found to be highly effective and afforded
excellent product yields within 8–10.5 h at ambient temperature under visible light irradiation. Due to
the heterogeneous nature of photocatalyst, it can be easily recovered and reused for further reactions
without any significant decrease in its activity. The enhanced performance of the catalyst in the visible
region can be explained on the basis of reduced band gap, which generates electron-hole pairs through
the absorption of visible light. Photogenerated electrons are efficiently captured by nickel nanoparticles
on the sheets and subsequently transferred to substrate molecule, while holes are used to oxidize
hydrazine hydrate and extract required protons and electrons for the reaction.
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Abstract: In this study, we report the fabrication of mesoporous assemblies of silver and TiO2

nanoparticles (Ag/MTA) and demonstrate their catalytic efficiency for the selective reduction
of nitroarenes. The Ag/TiO2 assemblies, which show large surface areas (119–128 m2¨ g´1) and
narrow-sized mesopores (ca. 7.1–7.4 nm), perform as highly active catalysts for the reduction of
nitroarenes, giving the corresponding aryl amines and N-aryl hydroxylamines with NaBH4 and
ammonia-borane (NH3BH3), respectively, in moderate to high yields, even in large scale reactions
(up to 5 mmol). Kinetic studies indicate that nitroarenes substituted with electron-withdrawing
groups reduced faster than those with electron-donating groups. The measured positive ρ values
from the formal Hammett-type kinetic analysis of X-substituted nitroarenes are consistent with
the proposed mechanism that include the formation of possible [Ag]-H hybrid species, which are
responsible for the reduction process. Because of the high observed chemo selectivities and the clean
reaction processes, the present catalytic systems, i.e., Ag/MTA-NaBH4 and Ag/MTA-NH3BH3, show
promise for the efficient synthesis of aryl amines and N-aryl hydroxylamines at industrial levels.

Keywords: silver nanoparticles; nitroarenes; aryl amines; N-aryl hydroxylamines; titania;
heterogeneous catalysis; selective reduction

1. Introduction

Noble metal nanoparticles are well known for their novel applications in the field of catalysis,
biotechnology, bio-engineering and environmental remediation [1–5]. In recent years, the synthesis of
noble metal nanoparticles as well as their applications, especially in catalysis, is of great interest for
further study. Among them, silver nanoparticles (AgNPs) have attracted considerable attention because
of their low cost, strong plasmonic properties and superior catalytic activity [6–8]. Several recent efforts
to improve the physical properties of AgNPs have focused on synthesis of size- and shape-controlled
nanoparticles, which were intended to enhance their catalytic and biological performance [6–11].
However, the practical use of individual AgNPs is often hampered by their severe aggregation during
the catalytic reactions. In general, there are two main synthetic routes to overcome these limitations and
to obtain small AgNPs with large exposed surface area. One is the surface modification of nanoparticles
with organic molecules or surfactants in order to stabilize them against agglomeration and the other is
the deposition of nanoparticles on a high-surface-area solid support such as metaloxides (SiO2, TiO2,
ZrO2, etc.), modified carbons, graphene, or other porous materials. The latter seems to be the most
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preferred method to sustain the stability and catalytic activity of nanoparticles [6–8]. Ag loaded TiO2

(Ag/TiO2) nanocomposites have recently emerged as promising catalysts for use in organic synthesis,
because of the combination between TiO2 electronic and optical properties, and Ag catalytic activities
in chemical and biological areas. To this end, a variety of approaches have been used to prepare
TiO2 supported Ag catalysts, for instance, by photo deposition, chemical deposition and conventional
impregnation method [6–12]. In these studies, however, most of the Ag/TiO2 materials are composed
of random aggregates of TiO2 and Ag nanoparticles [6–8]. Moreover, the TiO2 nanoparticles tend
to agglomerate into bulk structures leading to a significant decrease in surface area and, therefore,
in catalytic activity during repeated reactions.

Thus far, AgNPs have been successfully used as catalysts for several organic transformations,
including C–C and C–N cross coupling reactions, cycloaddition and oxidative cyclization reactions,
three-component reactions, oxidation of hydrosilanes to silanols, and reduction of imines to the
corresponding amines [6–11]. In addition, there are several reports for the synthesis of AgNPs
supported on different surfaces, which demonstrated their catalytic activity for the reduction of
aromatic nitro compounds to the corresponding amines in the presence of sodium borohydride
(NaBH4) as reducing agent [13–22]. To our knowledge, only few examples of AgNPs-based catalyst
exhibiting high catalytic activity in nitroarenes reduction have been reported, although excess of
NaBH4 or hast conditions (high temperature) are required [8,13–16]. In addition, most of these systems
include reduction of nitrophenols by supported AgNPs in aqueous solution [8,17–22].

We recently reported the synthesis of mesoporous TiO2 nanoparticle assemblies (MTA) using a
one-pot chemical route. The MTA was prepared through sol-gel polymerization reaction between TiCl4
and Ti(OPr)4 in the presence of polyoxoethylene cetyl ether (Brij-58) block copolymer template [23,24].
Herein, we report the synthesis of new mesoporous hetero structures consisting of titania and silver
nanoparticles (Ag/MTA) and demonstrate the catalytic activity of these materials towards the selective
reduction of nitroarenes. The obtained Ag/TiO2 assemblies show large internal surface area with
narrow pore-size distribution and exhibit extraordinary activity for nitroarenes reduction. We present
a systematic study of the reduction of several substituted nitroarenesto the corresponding anilines and
N-aryl hydroxylamines, using NaBH4 and ammonia-borane (NH3BH3) complexes as the reducing
agents. Furthermore, a detailed mechanistic route for the AgNP-catalyzed reduction of nitroarenes
in the presence of NaBH4 or NH3BH3 is interpreted on the basis of kinetic analysis, as well as on the
products identification by liquid chromatography-mass spectrometry (LC-MS) and nuclear magnetic
resonance (NMR) spectroscopy.

2. Results and Discussion

2.1. Structural Properties of Ag/TiO2 Catalysts

In this work, we employed commercial available AgNO3 and AgOTf compounds, Degussa P (25)
nanoparticles and mesoporous Ag-loaded TiO2 nanoparticle assemblies (Ag/MTA) as catalysts for
the selective reduction of various nitro compounds. All commercial catalysts were used as received.
Mesoporous Ag/MTA composites with AgNPs loading amounts of 2, 3, 4 and 7 wt % were prepared
by photochemical deposition of AgNPs on the surface of nanoparticle-based mesoporous titania
(MTA) [24] (see Supplementary Materials for details). Energy dispersive X-ray spectroscopy (EDS)
analysis of the obtained products evidenced that the Ag loadings in the Ag/MTA composites are very
close to those expected from the stoichiometry of the reactions (see Table S1, Supplementary Materials).

The mesostructure and crystallinity of the Ag/MTA materials were characterized by X-ray
diffraction (XRD), transmission electron microscopy (TEM) and nitrogen physisorption measurements.
The powder XRD patterns (Figure S1, Supplementary Materials) indicated the well-defined crystal
structure of Ag/MTA. They show a series of intense diffraction peaks in the 2θ = 20˝–80˝ range, which
can be assigned to the anatase structure of TiO2 (JCPDS #21-1272). In addition, the XRD patterns of
Ag-loaded samples, especially those containing a high Ag loading (>3%), display weak diffractions at
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~44.3˝ (002), ~64.5˝ (022) and ~77.4˝ (113), indicating the formation of metallic silver (JCPDS #04-0783).
Figure 1a depicts a representative TEM image of the 4% Ag/MTA sample, which is the most active
catalyst studied in this work. It reveals that this material consists of a porous network, which is
composed of connected TiO2 and Ag nanoparticles. On the basis of this technique, the average size
of TiO2 particles was estimated to be ca. 7–8 nm, while the diameter of Ag particles was found
to be ~3–4 nm. Note that the average diameters of the TiO2 and Ag nanoparticles were estimated
by counting more than 100 particles in several TEM images (Figure S2, Supplementary Materials).
To investigate further the crystal structure of mesoporous network, high-resolution TEM (HRTEM)
imaging and selected-area electron diffraction (SAED) were performed. The HRTEM images indicate
the single-crystal structure of the constituting nanoparticles, showing well-resolved and continuous
lattice fringes across the particles. The lattice fringes in Figure 1b,c can be readily assigned to the
anatase TiO2 and face-centered cubic (fcc) Ag structure, respectively, in agreement with the XRD
results. From the SAED pattern, it appeared that the crystalline structure of 4% Ag/MTA is a mixture
of anatase TiO2 and cubic Ag. In agreement with XRD and HRTEM results, all the Debye–Scherrer
diffraction rings can be reasonably assigned to the anatase phase of TiO2 (marker by red curves), while
the additional diffraction spots could be indexed as (200) and (311) reflections of the cubic Ag (marker
by blue dotted cycles) (Figure 1d).

Figure 1. (a) Typical transmission electron microscopy (TEM) image; high resolution TEM (HRTEM)
of a constituent (b) TiO2 and (c) Ag nanoparticle; and (d) selected-area electron diffraction (SAED)
pattern of mesoporous 4% Ag/mesoporous TiO2 nanoparticle assemblies (MTA) catalyst. Insets of
panels b and c: the corresponding fast Fourier transform (FFT) patterns indexed as the (111) and (100)
zone axis diffraction of anatase TiO2 and face-centered cubic Ag, respectively.

The mesoporosity of the Ag/MTA materials was probed with N2 physisorption measurements
at 77 K. The analysis showed that the Ag/MTA exhibit type-IV adsorption-desorption isotherms
with H2-type hysteresis loop (Figure S3, Supplementary Materials), which correspond to mesoporous
materials with narrow-sized pores. The Brunauer-Emmett-Teller (BET) surface area and total pore
volume of the Ag/MTA were measured to be 119–128 m2¨ g´1 and 0.21–0.23 cm3¨ g´1, respectively,
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which are slightly lower than those of the parent TiO2 (MTA) sample (surface are ~149 m2¨ g´1 and
pore volume ~0.27 cm3¨ g´1), probably due to the deposition of AgNPs on the TiO2 surface. The pore
diameter in Ag/MTA samples was obtained by fitting the adsorption isotherms using the non-local
density functional theory (NLDFT) model (assuming slit-like pores), and was found to be ~7.1–7.4 nm
with narrow pore-size distribution. Furthermore, a weak peak at around 5.4–5.6 nm was observed,
especially for the high-Ag-loaded samples (>3 wt %), which could be attributed to the pores filling with
AgNPs. Table S1 in the Supplementary Materials summarizes all the textural properties of mesoporous
MTA and Ag/MTA materials.

2.2. Evaluation of the Catalytic Activity

Initially, we proceeded to optimize the catalytic conditions by studying the reduction of 4-nitrotoluene
(1). In Table 1, we show the yields of 4-toluidine (1a) obtained using different Ag-containing catalysts,
reducing agents and solvents. Specifically, the catalyst (10 mg) was placed in a 5 mL glass reactor, followed
by the addition of solvent (1 mL), nitroarene (0.1 mmol) and hydride compound, and the reaction was
vigorous stirred for appropriate time. To our delight, we observed that the 4% Ag/MTA catalyst with
6 mol-excess of NaBH4 in ethanol affords quantitative conversion of 1 into 4-toluidine (1a) within 4 h
(Table 1, entry 4).Remarkably, no by-products such as azoxy-, azo- or 1,2-diarylhydrazine were detected
during the reaction progress by means of 1H-NMR. In comparison, lower reduction yields of 1a were
obtained with Ag/MTA catalysts containing 7 wt % or less than 3 wt % Ag, as shown in Table 1, entries 2, 3
and 5 (see also Supplementary Materials, Figure S4). Meanwhile, TiO2 alone, such as the MTA mesoporous
and Degussa P25 nanoparticles (Table 1, entry 1) are largely inactive for the 1 reduction. Although, AgNO3

and AgOTf catalyzed the conversion of 1 in high yields and short reaction time (Table 1, entries 6 and 7),
an equimolar amount of the sesaltsis necessary for the reaction completion. In contrast, silver wire does
not catalyze any reduction process (Table 1, entry 8). The reaction was incomplete with lower amounts of
NaBH4 (less than 2 mol-excess), while using 4 mol-excess of NaBH4 a prolonged reaction time of 24 h was
required to obtain 1a in >91% yield (results not shown). In addition, no reduction of 1 was observed under
mild conditions, for example, using 1 bar of H2 at room temperature (Table 1, entry 9) or in the presence
of transfer hydrogenation reagent such as the 1,1,3,3-tetramethyl disiloxane (TMDS) (Table 1, entry 10).
In addition, with dimethylphenylsilane (DMPS), the conversion yield to the corresponding amine (1a) was
only 11% (Table 1, entry 11). It is also noted that hydrazine hydrate (NH2NH2¨ H2O) can be activated
under our catalytic conditions proceeding to quantitative reduction of 1, but higher temperature and
prolonged reaction time are required (Table 1, entry 12). In contrast, when ammonia-borane (NH3BH3)
is used as reducing agent (2.5 mol-excess based on 1) the corresponding N-aryl hydroxylamine (1b)
was detected by 1H-NMR as the major product of 1 reduction, accompanying with small amount of
amine 1a (Table 1, entry 13). Control experiments showed no appreciable reduction of 1 in the absence
of catalyst, indicating that the reduction process is catalytic in nature (result not shown). Finally,
the reduction of 1 proceeded also efficiently in MeOH (Table 1, entry 14), while in other non-protic
polar or apolar solvents no significant amount of 1a was observed (Table 1, entries 15–19). Thus, 4%
Ag/MTA catalyst in the presence of NaBH4 inethanol affords fast, quantitative, and clean reduction of
1 without the requirement of any chromatographic purification of the product 1a (Table 1, entry 5).After
completion of 1, as evidenced by thin layer chromatography (TLC), the slurry was filtered through
a short pad of silica to withhold the catalyst with the aid of ethanol (~5 mL). Then, the filtrate was
evaporated under reduced pressure to give pure 4-toluidine 1a (98% isolated yield) as a brown solid.
It is worth noting that our catalytic conditions are significantly milder(room temperature and 6-mol
excess of NaBH4) than those used in other studies, in which similar hydrogenation reactions were
examined; however, either large excess of NaBH4 (~25–800 mol excess), or hast conditions (>100 ˝C)
are required [13–22]. Based on this, our catalytic system is highly feasible for practical use.
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Table 1. Evaluation of various Ag-containing catalysts, reducing agents and solvents in the catalytic
reduction of 4-nitrotoluene (1) into 4-toluidine (1a).

Entry Catalyst 1 Solvent Reducing agent 2 Time/Yield 3

1 MTA or P25 EtOH NaBH4 24h/0%
2 2% Ag/MTA EtOH NaBH4 4h/10% 4

3 3% Ag/MTA EtOH NaBH4 4h/51% 4

4 4% Ag/MTA EtOH NaBH4 4h/>99%

5 7% Ag/MTA EtOH NaBH4 4h/30% 4

6 AgOTf EtOH NaBH4 0.5h/>99% 5

7 AgNO3 EtOH NaBH4 0.5h/>99%5

8 Ag (wire) EtOH NaBH4 24h/0%
9 4% Ag/MTA EtOH H2 (1 atm) 24h/0%

10 4% Ag/MTA EtOH TMDS 24h/0%
11 4% Ag/MTA EtOH DMPS 4h/11%
12 4% Ag/MTA EtOH NH2NH2¨ H2O 24%/99% 6

13 4% Ag/MTA EtOH NH3BH3 0.2h/6% (94%) 7

14 4% Ag/MTA MeOH NaBH4 4h/99%
15 4% Ag/MTA Toluene NaBH4 4h/0%
16 4% Ag/MTA THF NaBH4 4h/0%
17 4% Ag/MTA CH3CN NaBH4 4h/0%
18 4% Ag/MTA DCM NaBH4 4h/0%
19 4% Ag/MTA Acetone NaBH4 4h/0%

1 Ten milligrams of each catalyst was used. 2 sixe mol-excess of NaBH4 were used, while 1,1,3,3-tetramethyl
disiloxane (TMDS), dimethylphenylsilane (DMPS) and hydrazine were added in 2.5, 5 and 12 fold-excess of
mmols, respectively, based on 1. 3 Relative yield of 1a determined by 1H-NMR. 4 The conversions of 1 were in
the range of 75%–100%, while the azoxy-, azo- and hydrazo-arenes were formed as major products. 5 Using
lower amount of the AgNO3 and AgOTf (20% mol and 50% mol, based on 1) the conversions of 1 were in the
range of 10%–79% after 2h; however, the corresponding hydrazo- and azo-arenes were formed as the major
products accompynaning with small amount of the amine 1. 6 Twelve mol-excess of hydrazine were used for
reaction completion at 90 ˝C. 7 The corresponding N-aryl hydroxylamine 1b was formed as the major product
accompanying with small amount of the amine 1a, within 10 min.

2.3. Chemoselective Reduction of Nitroarenes into Aryl Amines and N-Aryl Hydroxylamines

To study the limitation of this chemoselective reduction process, a series of nitroarenes (1–12)
were examined under the above described conditions. As shown in Scheme 1, 4% Ag/MTA catalyst
in the presence of NaBH4 (6 mol-excess based on nitroarene amount) produce the corresponding
substituted anilines 1a–12a in excellent yields (>90%) and selectivity (>98%). Moreover, bromo and
chloro-substituted nitroarenes (3 and 4) were also reduced without undergoing any dehalogenation,
while p-dinitrobenzene (9) was completely converted too diamine (9a) within 4 h. Similarly, carboxylate,
and cyano functionalities in 5 and 8 nitroarenes remained intact under the examined conditions,
indicating highly chemoselective reduction. Consistent with the above results, the reduction of
6-nitro-isobenzofuran-1(3H)-one (10) gave also the corresponding amine without further transformation
of the lacton ring. Notably, 3-nitrostyrene 11 was reduced to the corresponding saturated amine 11a

in 70% relative yield, accompanying with a 3-ethyl-nitrobenzene yield of 30% (see Supplementary
Materials). This result suggests that the present catalytic system is also active for the preferred
hydrogenation of the C=C double bond relative to the nitro group of 11.
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Scheme 1. Chemoselective reduction of nitroarenes (1–12) into aryl amines (1a–12a) and N-aryl
hydroxylamines (1b–12b) catalyzed by 4% Ag/MTA with NaBH4 and NH3BH3 complexes, respectively.

Nevertheless, when the NH3BH3 (1.5–2.5 mol-excess based on nitroarene amount) is used
as the reducing agent, the corresponding N-aryl hydroxylamines (1b–12b) are formed under the
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above described conditions (Scheme 1); indeed, in high relative yields (>84%) and within short
reaction times (2–10 min). 1H-NMR analysis of the crude mixtures showed only a small amount
of the corresponding substituted anilines (1a–10a) (2%–10%)as byproducts (see Supplementary
Materials). As shown in Scheme 1, the reduction of p-nitrophenol (6) produces the corresponding
amine 6a as the only product. In this case, N-aryl hydroxylamine 6b was not detected by NMR at
initial reaction time (see Supplementary Materials, Figure S5). Reduction of 11 leads to the N-aryl
hydroxylamine 11b accompynaning with small amount of the initial nitroarene, however, under
the described conditions 12 gave the 12b in 70% relative yield with a significant amount of the
corresponding amine 12a (30%), (see Supplementary Materials). It should be noted that the reaction
products were kept at room temperature and no further chromatographic purification was performed
to avoid decomposition or transformation of the N-aryl hydroxylamines into the corresponding
nitrosoarenes, anilines and azoxy- or azo-arenes. In the literature, several synthetic routes towards
N-aryl hydroxylamines formation have been reported; however, certain limitations related to the
applicability of these reactions (including scale-up synthesis) have been imposed. Since the first
procedure using Zn/NH4Cl [25] and the enzymatic nitroreductase system [26], the common synthetic
routes associated with the title transformation have focused on the direct hydrogenation (with H2)
of nitroarenes using precious metal nanoparticles such as Pd, Pt, Ru, Re and Rh as catalysts [27–33].
In addition, catalytic transfer hydrogenation reactions of nitroarenes to N-aryl hydroxylamines were
also realized using Pt/hydrazine [34], Zn in CO/H2O [35] and Sb/NaBH4 [36] systems, while only
recently Au/TiO2 nanoparticles have been employed for the selective nitroalkanes reduction to N-alkyl
hydroxylamines [37]. To our knowledge, since now, heterogeneous Ag-catalyzed hydrogenation
of nitroarenes to the corresponding N-aryl hydroxylamines is an unknown transformation. These
results, accompanying with the observation that N-aryl hydroxylamines are formed in high relative
yields and through afast and pure reaction process, suggest that the present catalytic system
Ag/MTA-NH3BH3 can be applicable to various hydrogenation reactions, including fine synthesis of
N-aryl hydroxylamines.

2.4. Kinetic Studies

The reusability of the 4% Ag/MTA was examined by conducting repeat catalytic experiments.
The 4% Ag/MTA catalyst can be easily separated from the reaction mixture by simply filtration and it
can be reused for the next catalytic run. As shown in Supplementary Materials, Figure S6, the catalyst
can be used at least three times without significant loss of its catalytic activity and selectivity. In order
to assess the feasibility of the present catalytic system, the 4% Ag/MTA catalyst was further tested for
large-scale production of aryl amines and N-aryl hydroxylamines from nitroarenes. For this reason,
5 mmol of nitroarene 1 were reduced in the presence of 4% Ag/MTA (0.8 mol %) with 8 mol-excess of
NaBH4 in 15 mL EtOH. After completion of the reaction (within ~20 h based on TLC analysis), the
mixture was filtered upon silica gel, washed with ethanol and purified by column chromatography
to afford the corresponding 4-toluedine 1a in 91% isolated yield. As a comparison, under the same
reaction conditions but with 3 mol-excess of NH3BH3, the corresponding N-aryl hydroxyamine 1b

was obtained at 93% relative yield in 30 min, according to the 1H-NMR analysis of the crude product
(results not shown). These results correspond to a turn over number (TON) of about 125 and a turnover
frequency (TOF) of 250 h´1.

To propose a plausible mechanistic pathway for the present Ag-catalyzed reduction of nitroarenes,
we performed a Hammett-type kinetic study for the reduction of a diverse set of para- and
meta-X-substituted-nitroarenes (1, 2, 3, 4, 5, 7, 8 and 12). The kinetic studies were carried out as
follow: 0.2 mmol of the nitroarene, 20 mg of 4% Ag/MTA and 0.6 mmol of NaBH4 were added in
ethanol (1 mL). A 100 μL aliquot of the mixture was taken at appropriate time and the mixture was
filtrated through a short pad of silica (to withhold the catalyst) and washed with ethanol (~1 mL).
Then, the filtrate was evaporated under reduced pressure and the consumptions of the corresponding
X-substituted nitroarene were determined by integrating the appropriate proton signals in 1H-NMR
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spectra. Each reaction was repeated at least three times and the average values are depicted in Figure 2
and in the Supplementary Materials, Figures S7 and S8. Considering that the concentration of the
possible formed silver-hydride species remains constant at initial times and assuming a pseudo-first
order dependence of the reaction rate on the nitroarene concentration, Equation (1) can be applied.

lnpxq “ ´kt (1)

where, k is the rate constant and x is the consumption of the X-substituted nitroarene at reaction time t.

Figure 2. Kinetic analysis of the 4% Ag/MTA-catalyzed reduction of various X-substituted nitroarenes
(X = 3-NH2 (12), 4-MeO (2), 4-Me (1), 4-Br (3), 4-H (7), 4-Cl (4), 3-CN (8) and 4-COOMe (5)) with NaBH4.

According to Equation (1), a plot of the ln(x) versus time gives a linear curve, the slope of which
is equal to the rate constant k. The results indicated that the kinetic activity of 1, 2, 3, 4, 5, 7, 8

and 12 nitroarenes is remarkably affected by the nature of the X-substituent group, in which the
reduction proceeds faster as the electron-withdrawing ability of the substituent group increases.
For example, the reduction of 3 (4-Br), 4 (4-Cl), 5 (4-COOMe) and 8 (3-CN) proceeds in a faster rate
than that with the nitrobenzene 7 (X = H) (Figure 2), as indicated by the relative rate constant ratios
kCOOMe/kH = 25, kCN/kH = 6.0, kBr/kH = 4.5 and kCl/kH = 1.4, respectively (see also Supplementary
Materials, Figures S7 and S8). However, nitroarenes containing electron-donating group, such as 12

(3-NH2), 2 (4-MeO) and 1 (4-Me), were reduced with slower reaction rate (Figure 2); the relative rate
constant rations were kNH2/kH = 0.2, kMeO/kH = 0.7 and kMe/kH = 0.9, respectively. In addition to
these results, a Hammett-type correlation in the competition of X-substituted nitroarenes (12, 2, 1, 4,
3, 8 and 5) versus nitrobenzene (7) gave positive slopes, i.e., ρ « 0.8, R2 = 0.890 (using σ+ values) and
ρ « 0.9, R2 = 0.826 (using σ values) (Supplementary Materials, Figure S9). The small ρ values for these
correlations indicate that the reaction mechanism involves either radical intermediates or a transition
state with a small charge separation [38]. However, the measured positive ρ values, are consistent
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with a proposed mechanism that include a negative charge (or hydride transfer) in the transition state,
which is stabilized by electron-withdrawing substituents [38,39].

According to the above results, we propose a general mechanistic pathway for the AgNPs
catalyzed reduction of nitroarenes. First, a B-H bond cleavage occurs to gives [Ag]-H active species.
Such hybrid species are responsible for the rapid reduction of nitroarenes into the corresponding N-aryl
hydroxylamines. This assumption is consistent with the kinetics studies showing that nitroarenes
bearing electron-withdrawing substituents reduced faster than those with electron donating groups.
Finally, N-aryl hydroxylamines are further reduced into the corresponding aryl amines with NaBH4;
however, this step becomes slower in the presence of NH3BH3. To shed light on the above hypothesis,
the catalytic reductions of electron-donating 2 and electron-withdrawing 5 and 9 p-X-substituted
nitroarenes were also separately conducted in CD3OD using 4% Ag/MTA. Each reduction process was
monitored directly by 1H-NMR spectroscopy, at initial reaction times. As shown in Figures S10–S12 of
the Supplementary Materials, during the reduction process, the only intermediate products were the
corresponding N-aryl hydroxylamines 2b, 5b and 9b.

3. Experimental Section

3.1. Materials

Brij 58 surfactant (HO(CH2CH2O)20C16H33, Mn~1124), titanium tetrachloride (99.9%), AgNO3

(>99%), AgOTf, absolute ethanol (99.8%), NaBH4, NH3BH3, TMDS and DMPS were purchased from
Sigma-Aldrich (Darmstadt, Germany). Titanium(IV) isopropoxide (>98%) was purchased from Merck
(Darmstadt, Germany). TiO2 nanoparticles (P25) were purchased from Degussa AG (Dusseldorf,
Germany).The aromatic nitro compounds used as substrates were of high purity and commercially
available from Aldrich (Darmstadt, Germany).

3.2. Synthesis of Ag/MTA Catalysts

The mesoporous TiO2 nanoparticle assemblies (MTA) were prepared according to the method
reported previous [24]. Ag-loaded TiO2 (Ag/MTA) catalysts with different loading of AgNPs were
obtained by photocatalytic reduction method. Typically, 0.2 g of MTA were dispersed into 10 mL
of a CH3CN/H2O/ethanol (10:1:1 v/v) solution containing appropriate amounts of AgNO3. The
suspension was then illuminated with a 5 mW ultraviolet lamp (λ = 365 nm) for 2 h under continuous
stirring. The product was then collected by filtration, washed with ethanol, and dried at 60 ˝C for 12 h.
A series of mesoporous Ag/MTA catalysts with different Ag loadings, i.e., x = 2, 3, 4 and 7 wt %, was
prepared using 6.4, 9.6, 13.2 and 23.8 mg of AgNO3, respectively.

3.3. Physical Characterization

The X-ray diffraction (XRD) patterns were collected using a Panalytical X’Pert Pro MPD X-ray
diffractometer (45 kV and 40 mA, Lelyweg, the Netherlands) with a Cu Kα radiation (λ = 1.5406 Å).
Elemental microprobe analysis was performed on a JEOL Model JSM-6390LV scanning electron
microscopy (SEM, Tokyo, Japan) system equipped with an Oxford INCA PentaFET-x3 energy-dispersive
X-ray spectroscopy (EDS) detector (Oxfordshire, UK). Data acquisition was performed several times
using an accelerating voltage of 20 kV and 60 s accumulation time. Transmission electron microscopy
(TEM) experiments were carried out with a JEOL model JEM-2100 electron microscope (LaB6 filament)
operating at 200 kV. The sample was dispersed in ethanol by sonication, and the dispersion was then
dropped onto a Cu grid covered with carbon film. Nitrogen adsorption-desorption isotherms were
measured at liquid N2 temperature (77 K) on a NOVA 3200e volumetric analyzer (Quantachrome,
Boynton Beach, FL, USA). Before analysis, samples were degassed overnight at 150 ˝C under
vacuum (<10´5 Torr) to remove moisture. The specific surface areas were calculated using the
Brumauer-Emmett-Teller (BET) method [40] on the adsorption data in the 0.06–0.25 relative pressure
(P/Po) range. The total pore volumes were derived from the adsorbed volume at P/Po = 0.99 and the
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pore size distributions were obtained by the nonlocal density functional theory (NLDFT) method [41]
based on the adsorption data.

3.4. Catalytic Reactions

Supported silver catalyst Ag/MTA (10 mg) was placed in a 5 mL glass reactor, followed by
the addition of ethanol (1 mL), nitro compound (0.1 mmol) and NaBH4 (0.6 mmol) or NH3BH3

(0.25 mmol), and the reaction mixture was stirred at room temperature for a selected time. The
reaction was monitored by thin layer chromatography (TLC), and after completion, the slurry was
filtered under pressure through a short pad of silica to withhold the catalyst with the aid of ethanol or
methanol (~5 mL). After solvent evaporation the corresponding products were formed in pure forms.
Product analysis was conducted by 1H-NMR and 13C-NMR spectroscopy (Bruker AM 300, Bruker
Biospin GMBH, Rheinstetten, Germany and Agilent AM 500, Agilent Technologies, Santa Clara, CA,
USA). Identification of the products was realized by comparing the NMR spectra with those of the
commercially available pure substances. LC-MS 2010 EV Instrument (Shimadzu, Tokyo, Japan) under
Electrospray Ionization (ESI) conditions was used for the determination of the mass spectra.

Reusability testing of the catalyst was conducted in the case of the 4% Ag/MTA sample through
the reduction of 4-nitrotoluene (1). A 2 mL mixture of the feeding solution (0.2 mmol of 1, 1.2 mmol
of NaBH4 and 20 mg of catalyst (4 mol % Ag)) was placed into a vial. Each catalytic reaction was
stopped after 6 h and the catalyst was collected by filtration, washed with ethanol and dried in an
oven at 100 ˝C for 12 h. Then, the recovered catalyst was used for the next catalytic run without any
additional treatment.

4. Conclusions

In conclusion, we have shown that mesoporous titania supported silver nanoparticles (Ag/MTA)
can effectively catalyze the chemoselective reduction of nitroarenes into the corresponding aryl amines
and N-aryl hydroxylamines, employing NaBH4 and NH3BH3 as reducing agents, respectively. Product
analysis and kinetic studies indicated that aryl amine formation proceeds through a reduction pathway
involving the initial formation of silver-hydride species; although additional mechanistic studies are
required in this direction. In both catalytic processes, the corresponding N-aryl hydroxylamines were
observed either as intermediates (with NaBH4) or as the major products (with NH3BH3). Based on
the observed high chemoselectivities and the fast and clean reaction processes, both catalytic systems,
Ag/MTA-NaBH4 and Ag/MTA-NH3BH3, can be applicable to various hydrogenation reactions,
including fine synthesis of amines and N-aryl hydroxylamines, respectively.

Supplementary Materials: They are available online at http://www.mdpi.com/2079-4991/6/3/54/s1.
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Abstract: In this work, ball-like Ag nanorod aggregates have been synthesized via a simple
seed-mediated method. These Ag mesostructures were characterized by scanning electron microscope
(SEM), transmission electron microscopy (TEM), ultraviolet-visible spectroscopy (UV-Vis), and X-ray
diffraction (XRD). Adding a certain amount of polyvinyl pyrrolidone (PVP) can prolong its
coagulation time. These Ag nanorod aggregates exhibit effective SERS effect, evaluated by Rhodamine
6G (R6G) and doxorubicin (DOX) as probe molecules. The limit of detection (LOD) for R6G and DOX
are as low as 5 ˆ 10´9 M and 5 ˆ 10´6 M, respectively. Moreover, these Ag nanorod aggregates were
found to be potential catalysts for the reduction of 4-nitrophenol (4-NP) in the presence of NaBH4.

Keywords: Ag nanorod aggregates; surface-enhanced Raman scattering; Rhodamine 6G; doxorubicin;
PVP; catalytic reduction; 4-nitrophenol

1. Introduction

In recent years, silver nanoparticles (AgNPs) have seen broad application in areas such as catalysis [1],
biomedicine [2], antimicrobial agent [3] and SERS [4,5]. As a powerful molecular fingerprinting technique,
surface-enhanced Raman scattering (SERS) is a sensitive technique for trace detection [6–10]. Noble metal
nanoparticles such as Ag and Au particles have been extensively explored due to their high SERS-active
properties [11–17]. It is well-established that SERS activities are size and shape dependent [18,19]. Ag
nanoparticles with complex topography have more hot-spots on surface to amplify Raman scattering
of probe molecules [20,21].

Silver nanoparticles have also gained much attention for their application as a sustainable catalyst
for organic transformations owing to their unique electronic properties and high surface area to
volume ratio [22]. Particularly, silver nanoparticles show highly efficient catalytic activity in oxidation
of methanol and ethylene [23,24], as well as reduction of nitric oxides (NOx) [25]. Yang et al. [26]
proposed that the flower-like Ag microcrystal exhibited high catalytic activity for 4-nitrophenol
reduction due to their high surface area and the local electromagnetic field intensity enhancement.

Many researchers have studied numerous Ag complex structures as highly sensitive SERS substrates
and catalysts [27–31]. Various methods such as chemical reduction [32,33], template process [34],
and galvanic replacement [35] have been used to synthesize functional Ag nanoparticles. Using a
double-reductant approach, seed-mediated method has been explored to prepare Ag nanocubes [36,37],
nanowires [38], nanopolyhedron [39], and gold-Ag nanoparticles [40]. However, complex Ag structures
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possess larger surface area than single Ag nanoparticles and easily aggregate. One main method to
enhance the stabilization of Ag nanoparticles is to use polymers or surfactants to modify the surface of
Ag particles to prevent particles from aggregating. Being a nonionic polymer compounds, polyvinyl
pyrrolidone (PVP) is often used as the capping agent to control the size and shape of the colloidal
nanoparticles including Ag-NPs, Au-NPs, and Pt-NPs during the particle formation [41–43]. PVP has
also been reported to be a reducing agent in the preparation for the hydroxyl end-group of the PVP
polymer chain [44].

In this study, we synthesized ball-like Ag nanorod aggregates via a simple seed-mediated method
without any surfactant and polymeric compound as a capping reagent in reduction. PVP was added
in the last step and was used only as a stabilizer. The present approach is simple, economic and green.
The SERS properties of these Ag nanorod aggregates were examined by using Rhodamine 6G (R6G)
and doxorubicin (DOX) as probe molecules. In addition, its catalytic performance for the reduction of
4-nitrophenol (4-NP) in the presence of NaBH4 was also examined.

2. Results and Discussion

2.1. Phase Characterization

Ball-like Ag nanorod aggregates were synthesized via a seed-mediated method involving two
reaction steps without using any surfactant and polymeric compound as a capping reagent in reduction.
After adding 25 mL of 20 mM AgNO3, aggregates comprising dozens of Ag nanorods with a mean size
of about 180 nm were formed (Figure 1). It is observed that these nanorods exhibit lengths of ~50 nm
and diameters of ~20 nm (Figure 1b). The polycrystalline SEAD (selected area electron diffraction)
pattern of in Figure 2b confirms the diverse orientations of these nanorods in aggregates. Figure 2b
shows the HRTEM image of clear lattice fringes with the spacing of 0.235 nm, which corresponds to
the (111) lattice planes of the fcc-Ag [45].

Figure 1. Scanning electron microscope (SEM) images of the ball-like Ag nanorod aggregates.

Figure 2. Transmission electron microscopy (TEM) (a) and high resolution TEM (HRTEM) (b) images
of the ball-like Ag nanorod aggregates. Inset in (b) is the selected area electron diffraction (SEAD)
pattern of Ag nanorod aggregates.
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2.2. UV-Vis Studies of Ag Nanorod Aggregates

It is well-known that the size and shape of metal nanoparticles could affect their optical properties
such as surface plasmon resonance (SPR) property [46,47]. For instance, AgNPs with complex structures
usually exhibit more than one peak [48,49], whereas spherical particles show only one size-dependent
SPR peak [50]. As shown in Figure 3, the spectrum of Ag nanorod aggregates in aqueous solution
displays two SPR bands that might indicate the information of nonspherical AgNPs. The lower
wavelength band (435 nm) could be attributed to the out-of plane dipole resonance while the 693
nm peak (the high wavelength band) is in-plane dipole resonance [48]. In each nanorod-aggregate,
the conduction electrons near each nanorod surface become delocalized and are shared amongst
neighboring nanorods, which shifts the surface plasmon resonance to lower energies, moves the
absorption peak to longer wavelengths and broadens the absorption spectrum.

Figure 3. Ultraviolet-visible spectroscopy (UV-Vis) spectrum of the ball-like Ag nanorod aggregates.

2.3. XRD Studies of Ag Nanorod Aggregates

The structure of prepared ball-like Ag nanorod aggregates has been studied by X-ray diffraction
(XRD) analysis. A typical XRD pattern of the particles was shown in Figure 4. The sharp peaks in XRD
pattern prove the high crystallinity of Ag nanorod aggregates. The four diffraction peaks observed
38.17˝, 44.28˝, 69.45˝, and 77.49˝ are corresponding to (111), (200), (220), and (311) Bragg’s reflections
of the face-centered cubic structure of Ag, respectively (JCPDS ICDD 04–0783) [51]. There is no peak of
other impurities being found from the pattern, which indicates pure Ag crystals were obtained under
the present method.

Figure 4. X-ray diffraction (XRD) pattern of the ball-like Ag nanorod aggregates.
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2.4. Formation Mechanism of Ag Nanorod Aggregates

The morphology of Ag nanoparticles influences their applications. In the synthesizing process
of metal nanoparticles, the morphology of nanoparticle can be controlled by adjusting the reaction
time, the concentration of the precursor and the reactants, and so on [30]. In our synthesis process,
the reaction was almost instantaneous. Hence, the reaction rate is not main consideration. Herein,
the added Ag seeds serve as the nucleation sites for the growth of the Ag nanorod aggregates. Since the
ascorbic acid used as the reducing agent in second step is excessive, the anisotropic growth process
could be dominated by the amount of Ag+ ions, namely the concentration of AgNO3. As shown in
Figure 5, when the concentration of AgNO3 varied from 5 mM to 20 mM, Ag nanorod aggregates
show similar diameters but different morphologies. At low concentration of AgNO3, a great quantity
of near-spherical particles is produced. At higher concentration of AgNO3, ball-like Ag nanorod
aggregates are formed, indicating that the concentration of AgNO3 is key factor for forming ball-like
Ag nanorod aggregates [20].

Figure 5. TEM images of the ball-like Ag nanorod aggregates under different concentrations of AgNO3:
(a) 5 mM; (b) 10 mM; (c) 15 mM; (d) 20 mM.

2.5. Stability Analysis of Ag Nanorod Aggregates

The aggregation of ball-like Ag nanorod aggregates is a concern for application that may take
more time to handle with. To solve this problem, 0.005% wt % of PVP has been used in an effort
to stabilize large size Ag particles in aqueous solution. Figure 6a shows the freshly obtained Ag
nanorod aggregates without adding PVP (left) and with adding PVP (right). After 10 min, as shown
in Figure 6b, Ag nanorod aggregates without adding PVP began to coagulate, while Ag nanorod
aggregates with adding PVP remained stable due to the interaction between the particles and carbonyl
groups on polymer chains of PVP. After 30 min (Figure 6c), Ag nanorod aggregates without adding
PVP precipitated to the bottom of the bottle, and Ag nanorod aggregates with PVP begin to precipitate.
However, as is shown in Figure 6d, Ag nanorod aggregates with PVP remained relatively stable even
after 80 min compared with Ag nanorod aggregates without PVP. Therefore, PVP can serve as an
effective stabilizer.
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Figure 6. The coagulation condition of Ag nanorod aggregates without adding polyvinyl pyrrolidone
(PVP) (left) and with adding PVP (right): (a) 0 min; (b) 10 min; (c) 30 min; (d) 80 min.

2.6. SERS Performances of Ag Nanorod Aggregates

It is critical to determine the practical limit of detection (LOD) of probe molecules in SERS
applications. Accordingly, the practical LOD of R6G absorbed on ball-like Ag nanorod aggregates
coated with PVP in this work was discussed. Ag nanorod aggregates formed by self-assembled
nanorods. The gaps between nanorods generate active sites or hot-spots to amplify Raman scattering
of probe molecules. The Raman spectra of R6G with different concentrations absorbed on AgNPs were
displayed in Figure 7. All peaks of R6G in spectra agree well with previous report [52]. PVP does
not produce Raman signal at such a low concentration. The peaks at 1364, 1510 and 1650 cm´1 are
attributed to the aromatic C–C stretching modes of R6G molecules, while the peak at 772 cm´1 is
assigned to the C–H out-of-plane bend mode. As shown by spectrum d (5 ˆ 10´9 M), the characteristic
bands of R6G at 570, 614, 1311, 1364, 1510, 1650 cm´1 can be still clearly detected. Therefore, the LOD
for R6G absorbed on Ag nanorod aggregates was identified as 5 ˆ10´9 M. It is difficult to calculate the
enhancement factor of the R6G molecule under available experimental conditions. Hence, we calculate
the relative enhancement factor for peak at 1510 cm´1 by calculating the Raman intensity ratios
between 5 ˆ 10´6 M and 5 ˆ 10´10 M. The relative enhancement factor is calculated to be 3.3 ˆ 103,
indicating that the flower-like nanorod aggregates could serve as effective SERS substrate.
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Figure 7. Raman spectra of Rhodamine 6G (R6G) at different concentrations absorbed on Ag nanorod
aggregates. Spectra represent the concentrations of R6G being (a) 5 ˆ 10´6; (b) 5 ˆ 10´7; (c) 5 ˆ 10´8;
(d) 5 ˆ 10´9; (e) 5 ˆ 10´10 M, respectively.

Doxorubicin is commonly used as chemotherapy drug for patients with advanced cancers. SERS
has been used as a powerful tool to study DOX complexes with DNA [53] and its affinity for ferric
ions. In this study, we also used DOX as probe molecule to test SERS effect of Ag nanorod aggregates.
Figure 8 shows the SERS spectra of DOX at different concentrations. The band at 1639 cm´1 is assigned
to the stretching mode of carbonyl groups [54]. The band at 1296 cm´1 is from C–O stretching and
the two strong bands at 1244 and 1210 cm´1 can be assigned to in-plane bending motions from C–O.
The weak bands at 1082 and 795 cm´1 are assigned to skeletal deformations, while 990 cm´1 is owing
to ring breath modes. When the concentration of DOX reduces to 5 ˆ 10´6 M, bands at 1082, 1210,
1244, 1412, 1435, 1456 and 1639 cm´1 can still be clearly detected. Thus, the LOD for DOX absorbed on
Ag nanorod aggregates was identified as 5 ˆ 10´6 M. Hence, the flower-like Ag nanorod aggregates
could serve as SERS substrate for trace analysis for small drug molecules.

Figure 8. Raman spectra of DOX at different concentrations absorbed on Ag nanorod aggregates.
Spectra represent the concentrations of DOX being (a) 5 ˆ 10´4; (b) 5 ˆ 10´5; (c) 5 ˆ 10´6;
(d) 5 ˆ 10´7 M, respectively.

2.7. Catalytic Reduction of 4-Nitrophenol

The reduction of 4-nitrophenol to 4-aminophenol (4-AP) by NaBH4 was taken as a model reaction
to examine the catalytic activity of the ball-like Ag nanorod aggregates. It is well known that the
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absorption peak of 4-NP with light yellow color is around 317 nm [55]. After the addition of freshly
prepared NaBH4 solution, the light yellow turned to intense yellow, which indicates the formation of
4-nitrophenolate ion and the pH change from acid to basic by adding NaBH4. The catalytic process
of this reaction was monitored by UV-Vis spectroscopy, Figure 9a shows the UV-Vis spectra of 4-NP
reduction in the presence of NaBH4 and 0.2 mL of Ag nanorod aggregates. As shown in Figure 8a,
absorption band at 400 nm is characteristic peak of the 4-nitrophenolate in the presence of only NaBH4.
However, after adding 0.2 mL of ball-like Ag nanorod aggregates as a catalyst, a new band at around
300 nm emerged, indicating reduction of 4-NP to 4-AP by NaBH4 (Figure 9a). The intensity of the
absorption peak at 400 nm gradually decreased with time, while absorption peak at 300 nm increased
simultaneously (Figure 9a). Until the intensities of two peaks no longer changed, the reduction
finished. The extinction of solution at 400 nm as the function of time was measured to monitor the
kinetic process of the reduction. The rate constant (K) was contingent upon reduction time and the
linear plot of ln (At/A0), following pseudo-first-order kinetics (Figure 9b). The constant was calculated
to be 0.02252 s´1, proving that the ball-like Ag aggregates is effective catalyst for the reduction of 4-NP.
Usually, the catalytic activity is influenced by the surface area and roughness of the catalyst. Obviously,
the good catalytic performance of the ball-like Ag nanorod aggregates could be attributed to their high
surface area to volume ratio.

Figure 9. UV-Vis absorption spectra: (a) reduction of 4-NP by NaBH4 using Ag nanorod aggregates as
catalyst; (b) The plot of ln(At/A0) against the reaction time for pseudo-first-order reduction kinetics of
4-NP in the presence of ball-like Ag nanorod aggregates.

3. Materials and methods

3.1. Materials

Silver nitrate (AgNO3, 99.8%), tri-sodium citrate dihydrate (C6H5Na3O7¨ 2H2O, 99%), L-ascorbic
acid (Vitamin C, 99.7%), polyvinyl pyrrolidone (PVP, MW « 45,000 daltons), Rhodamine 6G,
Doxorubicin hydrochloride (DOX¨ HCl) was obtained from Fortuneibo-tech Co., Ltd (Shanghai, China).
4-nitrophenol (4-NP), sodium borohydride (NaBH4, 96%) were purchased from Sinopharm Chemical
Reagent Co. Ltd (Shanghai, China). All the chemicals were of analytical reagent grade and were used
without further purification. All of the solutions were freshly prepared using deionized double-distilled
water from a Milli-Q water purification system (Millipore Corporation, Billerica, MA, USA).

3.2. Preparation of Ag Aggregates

In a typical experiment, 200 mL of 2.5 mM aqueous solution of AgNO3 were brought to boiling.
Then, an aqueous solution of 100 mM sodium citrate (10 mL) was added dropwise in to the boiled
AgNO3 solution at a rate of 30 drops per min. After retained boiling for 10 min, the colorless solution
turned to yellowish and turbid colloid characteristic of the seeds formation. In order to get Ag nanorod
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aggregates, 5 mL of Ag seed was diluted into 35 mL freshly prepared L-ascorbic acid (Vitamim C)
solution (5 mM). Subsequently, 25 mL of AgNO3 at a certain concentration was directly added.
A generation of dark grey suspension indicated the formation of Ag nanorod aggregates. All the
reactions were kept in the dark to avoid any photoreaction.

Later, 0.003 g of PVP was added to generated Ag suspension and the above mixture was performed
by 5 min ultrasonic treatment. The coagulation condition of Ag particles was recorded by taking
photos every 10 min in a while.

3.3. Characterization Techniques

Scanning electron microscopy (SEM, S-4800 II, Hitachi, Tokyo, Japan) and transmission electron
microscopy (TEM, Philips Tecnai 12, Amsterdam, the Netherlands) was used to observe the
morphologies and particle sizes of Ag nanorod aggregates. Transmission electron microscopy was
performed by fixation on a 200-mesh carbon-coated copper grid. Ag nanorod aggregates were dropped
onto clear glass slide and the glass slide was dried at room temperature. Then, the absorbance spectrum
of Ag nanorod aggregates was measured by a UV-Vis spectroscopy (Varian Cary 500, Palo Alto, CA,
USA) in the range of 350 to 800 nm. X-ray diffraction (XRD, D8 ADVANCE, Bruker, Karlsruhe,
Germany) with graphite monochromatized Cu Kα radiation operating at 40 kV and 40 mA at room
temperature in the range 2θ (20˝ ď 2θ ď 80˝) was utilized to determine the crystalline structure of
the samples.

3.4. SERS Performance of R6G and DOX on Ag Nanorod Aggregates

To determine the LOD for R6G and DOX, a series of concentrations of R6G and DOX in water
were detected using SERS Ag nanorod aggregates coated with PVP. SERS spectra were recorded with
a Confocal Raman spectrometer (DXR, GX-PT-2412, Thermo, Waltham, MA, USA) with 780 nm line
of a He-Ne laser as excitation wavelength. The laser power at the samples was 24 mW and the data
acquisition time was 60 s. R6G and DOX was used as probe molecules. 200 μL of R6G at concentration
of 5 ˆ 10´6, 5 ˆ 10´7, 5 ˆ 10´8, 5 ˆ 10´9, 5 ˆ 10´10 M were mixed with 200 μL of Ag nanorod
aggregates suspension at concentration of 8.3 mM. 200 μL of DOX at concentration of 5 ˆ 10´4,
5 ˆ 10´5, 5 ˆ 10´6, 5 ˆ 10´7 M were mixed with 200 μL of Ag nanorod aggregates suspension at
concentration of 8.3 mM. The spectra were obtained in solution-phase after mixing for an hour to make
sure that dye molecules could absorb on the surface of AgNPs sufficiently at room temperature.

3.5. Catalytic Reduction

In a typical run for the reduction of 4-NP by NaBH4, 0.05 mL of fresh solution of 4-NP (1 mM) was
introduced into 2 mL of NaBH4 (0.1 M) solution. Then, 0.2 mL of Ag nanorod aggregates (1 mM) was
added to the above mixed solution. Then, with the addition of 2.75 mL of ultrapure water, the total
volume of the reaction system was 5.00 mL. Set a blank group, the reaction system is same as the above
system except that the Ag nanorod aggregates solution was replaced by ultrapure water. After the
addition of 0.2 mL of Ag nanorod aggregates catalyst, scanning 600–250 nm band immediately in order
to monitor the spectra of the 4-NP reduction in the presence of NaBH4 and Ag nanorod aggregates
solution by using UV-visible spectrophotometric monitoring instrument.

4. Conclusions

In summary, ball-like Ag nanorod aggregates with a mean size of 180 nm were synthesized by a
seed-mediated approach, which is simple, economic and green. The polyvinyl pyrrolidone (PVP) was
used to enhance the stability of obtained Ag nanorod aggregates in aqueous solution for SERS and
catalytic experiment. Ag nanorod aggregates exhibit effective and reproducible SERS effect, evaluated
by R6G as probe molecules. The limit of detection (LOD) for R6G and DOX are as low as 5 ˆ 10´9

M and 5 ˆ 10´6 M, respectively, which shows promising application for trace detection of small
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molecules. These Ag nanorod aggregates possess large surface area and porous surface morphology
and could serve as a potential catalyst for the reduction of 4-NP in the presence of NaBH4.
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Abstract: To improve the activities of non-noble metal catalysts is highly desirable and valuable to
the reduced use of noble metal resources. In this work, the supported nickel (Ni) and nickel-platinum
(NiPt) nanocatalysts were derived from a layered double hydroxide/carbon composite precursor.
The catalysts were characterized and the role of Pt was analysed using X-ray diffraction (XRD),
high-resolution transmission electron microscopy (HRTEM), energy dispersive X-ray spectroscopy
(EDS) mapping, and X-ray photoelectron spectroscopy (XPS) techniques. The Ni2+ was reduced
to metallic Ni0 via a self-reduction way utilizing the carbon as a reducing agent. The average
sizes of the Ni particles in the NiPt catalysts were smaller than that in the supported Ni catalyst.
The electronic structure of Ni was affected by the incorporation of Pt. The optimal NiPt catalysts
exhibited remarkably improved activity toward the reduction of nitrophenol, which has an apparent
rate constant (Ka) of 18.82 ˆ 10´3 s´1, 6.2 times larger than that of Ni catalyst and also larger than
most of the reported values of noble-metal and bimetallic catalysts. The enhanced activity could
be ascribed to the modification to the electronic structure of Ni by Pt and the effect of exposed
crystal planes.

Keywords: supported catalysts; heterogeneous catalysis; nickel; platinum; reduction

1. Introduction

Aromatic nitro compounds are widely generated as byproducts in various industries, including
in the production of pigments, pesticides and medicines [1]. 4-nitrophenol (4-NP) is among the most
common aromatic nitro compounds, and is harmful to the environment [2]. 4-aminophenol (4-AP), the
reduction product of 4-NP, is an important intermediate for the manufacture of dyes, agrochemicals,
and pharmaceuticals [3–5].

Various methods to synthesize 4-AP have been reported, such as multi-step iron-acid reduction of
4-NP, catalytic reduction of nitrobenzene, and electrochemical synthesis [6–8]. Among these methods,
catalytic reduction is an alternative green process for 4-AP production because it does not generate a
large amount of un-reusable Fe–FeO sludges and acid/alkali effluents [9]. It is well known that diverse
noble metal such as palladium, platinum, and gold catalysts have been widely used in the catalytic
reactions due to their high catalytic activities [10–13]. However, the high cost and scarcity in nature
limit their practical applications. Therefore, non-noble metal catalysts have been paid more attention
because of their abundance and reduced cost [14]. As we know, the reduction rates of 4-NP to 4-AP
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over non-noble metal catalysts are far slower than noble metal ones [15]. Therefore, it is desirable to
improve the catalytic activities of the supported non-noble metal catalysts.

Among non-noble metals, nickel nanoparticles (Ni NPs) have drawn much attention because
of their easy availability, relatively high catalytic activity, and magnetic separation feature [16,17].
Moreover, the unique physical and chemical properties can be introduced by adding a small amount
of second elements such as Pd, Pt, Ir, or Ru to Ni catalysts. These elements are dispersed on the surface
of Ni to form bimetallic catalysts and the interactions at the metal–metal interface lead to the improved
performance of Ni catalysts [18–21]. Thus, a promising endeavor is to explore a combination of noble
metal, e.g., Pt and Ni NPs to enhance the catalytic activity. In addition, the Ni-based catalysts can be
easily separated from the reaction medium by application of an external magnetic field.

In the previous work, we prepared supported Ni catalysts via self-reduction of hybrid NiAl-layered
double hydroxide/carbon (NiAl-LDH/C) composites [22]. The composites were assembled via
crystallization of LDH in combination with simultaneous carbonization of glucose under hydrothermal
conditions. The resulting carbon acted as a reducing agent to convert nickel oxide to metallic nickel
upon calcination. The as-synthesized Ni nanoparticles had small crystallite sizes and high dispersions
in the support owing to the confined effects of LDH and carbon. Inspired by this finding, we extended
this method to prepare Pt-modified Ni catalysts. The glucose-derived carbon in the composites led to
in situ reduction of chloroplatinic acid anions upon hydrothermal carbonization and thus introduced
Pt to the Ni catalysts. The catalytic activities of the resultant Pt-modified Ni catalysts for liquid-phase
reduction of 4-NP to 4-AP were investigated under mild reaction conditions. The optimal NiPt
catalysts exhibited larger apparent rate constant (Ka) than most of the reported values of noble-metal
and bimetallic catalysts.

2. Results and Discussions

2.1. Characterization of Materials

The XRD patterns of LDH, hybrid LDH/C and Pt@LDH/C composites were shown in Figure 1a.
The pattern of LDH sample exhibited the characteristic (003), (006), (009), (110), and (113) reflections,
corresponding to layered hydrotalcite-like compounds [23]. The intensive reflections revealed the
highly crystalline nature of the product. In contrast, the patterns of LDH/C and Pt@LDH/C composites
presented broadened reflections at the same 2θ positions as those of LDH. It was noted that no graphite
or other forms of carbon phases were detected, suggesting that carbon products mostly existed in
amorphous form. The broader and weaker reflections for LDH/C and Pt@LDH/C were caused by
both the dilution effect of the resultant carbon component in the composites and the reduced crystalline
feature of LDH phase. No reflections associated with metal Pt or other Pt species were observed in
Pt@LDH/C. This finding could be ascribed to the high dispersion of the Pt nanoparticles of small
sizes and/or the very low loading [24]. It was believed that the aromatization and carbonization of
glucose yielded amorphous carbon under the present hydrothermal treatment [25], and the resultant
carbon was assembled with LDH crystallites during the crystallization of LDH, thereby leading to the
formation of hybrid composites.

The effects of calcination temperatures on the phase structure were also studied. Figure 1b
showed XRD patterns of Pt@LDH/C precursor calcined at 500 ˝C, 600 ˝C, and 700 ˝C in a flowing
N2 atmosphere. It was known that the layered structure of LDH collapses and is converted into
mixed-oxide phases when heating above 450 ˝C [26]. For NiPt-0.6% (500) and NiPt-0.6% (600) samples,
the XRD patterns exhibited the co-existence of Ni and NiO phases. Furthermore, the relative intensity
from the reflections of NiO decreased with increasing calcination temperature. After elevating the
temperature to 700 ˝C, only the contributions from metallic Ni were observed, which can be indexed
to the face-centered cubic (fcc) Ni phase (JCPDS No. 87-0712). The three peaks centered at 2θ = 44.4˝,
51.7˝ and 76.5˝ corresponded to the characteristic (111), (200) and (220) planes of Ni phase. The results
indicated that the complete phase transformation from NiO to Ni occurred at this temperature.
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Figure 1. X-ray diffraction (XRD) patterns of (a) layered double hydroxide (LDH), LDH/carbon (C),
and Pt@LDH/C; (b) NiPt catalysts obtained at different calcination temperatures; and (c) the Ni and
NiPt catalysts with different Pt loadings.

The LDH-derived metal oxides could be reduced into metal via self-reduction by carbon in the
LDH/C composite, leading to the tranformation of Ni2+ to Ni0. The main reactions can be expressed
as follows:

NiO ` C psq Ñ Ni ` CO pgq (1)

NiO ` CO pgq Ñ Ni ` CO2 pgq (2)

During heating, LDH was transformed into mixed oxides (crystalline NiO and amorphous
alumina). After reduction, the residual carbon acted not only as the support but also as the dispersing
matrix, which prevented Ni particles from agglomeration. Figure 1c showed the XRD patterns of
NiPt catalysts with different Pt loadings. These XRD patterns of the Ni and NiPt samples were
hardly distinguishable, which could indicate that the Pt species were highly dispersed in the NiPt
catalysts [27].

TEM observations were carried out to investigate the morphologies and microstructures of
NiPt catalysts with different Pt loadings (Figure 2). TEM-derived histograms of the Ni particle size
distributions were presented. The TEM images indicated that the Ni nanoparticles were well dispersed
on the support and the size slightly decreased from 12.1 to 11.0 nm when the nominal Pt content
was increased to 0.6% compared to the pristine Ni. When the Pt content was increased to 1.0%, the
Ni nanoparticles had smaller size (~9 nm) and narrower size distributions (Table 1). The Ni loading
reached as high as 36%–39% whereas no obvious aggregates were observed, suggestive of excellent
metal dispersion. The Pt particles could not be found in the TEM images owing to the low loading.
The Pt loading measured was lower than the nominal value, possibly due to the metal leaching during
the hydrothermal reactions (Table 1). One can find that these catalysts had similar specific surface
areas, which indicated that the surface area could not be the dominant factor to adjust the catalytic
properties [28].

Table 1. Metal loadings, sizes and specific surface areas of the supported catalysts.

Catalyst Pt wt % 1 Ni wt % D (nm) 2 Specific Surface Area (m2 g´1) 3

Ni 0 35.85 12.1 244.6
NiPt-0.2% 0.167 38.75 12.1 271.8
NiPt-0.6% 0.347 36.98 11.0 266.0
NiPt-1.0% 0.537 39.55 9.0 267.4

1 Pt content measured by inductively coupled plasma-atomic emission spectroscopy (ICP-AES); 2 The mean size
of Ni nanoparticles (NPs) based on TEM analysis; 3 Specific surface area calculated by a Brunauer-Emmett-Teller
(BET) method.
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Figure 2. Transmission electron microscopy (TEM) images and size distributions of the supported Ni
and NiPt catalysts with different Pt loadings (a) and (b) Ni; (c) and (d) NiPt-0.2%; (e) and (f) NiPt-0.6%;
(g) and (h) NiPt-1.0%.

To further reveal the microstructures of the Ni and Pt NPs, high-resolution transmission electron
microscopy (HRTEM) observations were conducted. As shown in Figure 3a, the lattice spacing of the
supported Ni NPs was measured to be 0.203 nm, consistent with the d-value of plane (111) of cubic
phase Ni. Regarding NiPt-0.2% and NiPt-1.0% catalysts, the Ni NPs had the same d-spacing of 0.203
nm (Figure 3b,d), and the Pt NPs exhibited a d-spacing of 0.230 nm, corresponding to plane (111) of Pt.
The adjacent interface could be observed between plane Ni (111) and Pt (111). As to NiPt-0.6% catalysts,
the d-spacing of 0.170 nm for Ni NPs and 0.193 nm for Pt NPs were observed, which corresponded to
Ni (200) and Pt (200), respectively (Figure 3c). It was interesting that the interface formed between Ni
(111) and Pt (111) or Ni (200) and Pt (200). Such interface of different planes of Ni and Pt NPs could
affect the catalytic properties. It is known that the catalytic reduction usually depends on the sizes,
shapes, and/or exposed planes of the active metal NPs [23,29]. The differences in exposed planes and
interfaces of NiPt catalysts could lead to distinct activities towards the reduction reaction. Energy
dispersive X-ray spectroscopy (EDS) mapping analyses of NiPt-0.6% exhibited C, O, Al, Ni, and Pt
elements (Figure 3e). It was seen that C, O and Al were homogeneously distributed in the whole
matrix. The Ni components were highly dispersed on the matrix and as well the small amount of Pt.

X-ray photoelectron spectroscopy (XPS) measurements were used to analyze the chemical states
of the metal species in the catalysts. The XPS spectra of Pt and Ni core levels were shown in Figure 4.
The Pt4f spectra could be deconvoluted into two peaks due to the spin-orbit splitting. One was at
70.9–71.4 eV, and the other was at 74.2–75.0 eV, which could be assigned to metallic Pt0 species [30,31].
As to NiPt-1.0% sample, the Pt4f peaks showed a 0.5–0.8 eV shift towards a higher binding energy
compared to the other two NiPt catalysts (Table 2). This was an indication that the electronic structures
of Pt were affected by the surrounding Ni NPs owing to the strong interactions between them [32].
The Ni2p spectra were deconvoluted into three contributions at ~853.3, ~856.8, and ~862.5 eV in the
Ni2p3/2 region, which were assigned to the metallic Ni0, the Ni2+ species in NiO and the satellite,
respectively [33]. The existence of Ni2+ species could be due to the easy oxidation of metallic Ni,
which inevitably contact with the air during the sample preparation and settlement [22]. Compared
to the Ni catalysts, the binding energy of Ni0 and Ni2+ (Ni2p3/2) in the NiPt-0.2% had a little shift of
0.1–0.2 eV towards a lower value. The binding energy shifted ~0.4 eV with the increasing Pt content in
the NiPt-0.6% and NiPt-1.0% samples (Table 2). The binding energy of metallic Ni shifted to a lower
value after a small amount of Pt was incorporated. It is a hint that the electronic structures of Ni were
affected by Pt, suggesting the strong interactions between the two metal components. The binding
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energy at 68.9 eV could be the contribution from Ni3p [34,35]. The Ni3p peak overlapped with the
Pt4f7/2 peak, which provided further evidence for the existence of interactions between Ni and Pt.
The binding energy at 74.8 ˘ 0.1 eV was assigned to Al2p core level, which came from the Al2O3

matrix in the catalysts [36]. XPS characterization verified that the interactions between Ni and Pt were
enhanced with the increasing content of Pt.

Figure 3. High-resolution transmission electron microscopy (HRTEM) images of the supported
catalysts: (a) Ni; (b) NiPt-0.2%; (c) NiPt-0.6%; (d) NiPt-1.0%; (e) Energy dispersive X-ray spectroscopy
(EDS) mapping of the catalyst NiPt-0.6%.

Table 2. XPS binding energy of the Ni, Pt and Al core levels in the supported catalysts.

Catalysts
2p3/2 (eV) 2p1/2 (eV) 4f7/2 (eV) 4f5/2 (eV)

Ni3p Al2p
Ni0 Ni2+ NiSat. Ni0 Ni2+ NiSat. Pt0

Ni 853.3 856.8 862.5 870.9 874.4 880.5 - - - 74.8
NiPt-0.2% 853.2 856.6 862.1 870.1 874.4 880.2 70.9 74.2 68.1 74.9
NiPt-0.6% 852.8 856.4 862.1 870.1 874.1 880.3 70.9 74.4 67.7 74.7
NiPt-1.0% 852.7 856.3 862.0 870.0 874.0 880.1 71.4 75.0 68.4 74.9
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Figure 4. X-ray photoelectron spectroscopy (XPS) spectra of Pt and Ni core levels in the supported
catalysts: (a) NiPt-0.2%; (b) NiPt-0.6%; (c) NiPt-1.0% and (d) Ni.

2.2. Evaluation of the Catalytic Activity

The catalytic activities of the as-prepared Ni and NiPt (0.2%, 0.6%, and 1.0%) catalysts were
evaluated using a probe reaction, i.e., the reduction of 4-NP into 4-AP. The reduction was conducted in
an aqueous solution of 4-NP with the addition of NaBH4 as a reducing agent. The Ultraviolet-visible
(UV-VIS) absorption spectra were recorded with time to monitor the transformation from 4-NP to
4-AP due to their distinct absorption positions. The original adsorption of 4-NP peaked at 317 nm
(Figure 5a). The absorption shifted to 400 nm when the freshly prepared aqueous solution of NaBH4

was added, and the color of the solution immediately changed from the pristine light yellow to bright
yellow (the inset of Figure 5a). This redshift was ascribed to the rapid formation of 4-nitrophenolate
ions in alkaline solution upon the addition of NaBH4 [37]. When the NiPt-0.6% catalysts were added to
the solution, the bright yellow solution faded and became colorless in tens of seconds. The absorption
at 400 nm sharply decreased, and the absorption at 300 nm from 4-AP appeared [38]. The evolution
of absorbance spectra with time clearly showed the conversion from 4-NP to 4-AP in the presence of
NiPt-0.6% catalysts (Figure 5b). The reduction was completed within around 100 seconds according to
the decreasing absorbance at 400 nm and the increasing absorbance at 300 nm, corresponding to the
deletion of 4-NP and the formation of 4-AP, respectively.

The Ni and NiPt catalysts were compared based on the concentration changes of 4-NP as a function
of time (Figure 5c). The reaction would not happen in the absence of catalysts. It was observed that
the decrease in the concentration of 4-NP over the catalysts followed the order: NiPt-0.6% > NiPt-0.2%
> NiPt-1.0% > Ni. The concentration of 4-NP decreased to 10% of the initial value within 120 seconds over
NiPt-0.6% catalysts. It was noted that the optimal catalysts were NiPt-0.6% rather than NiPt-1.0% with a
higher Pt content. This suggested that the activity of Ni catalysts could be enhanced by incorporating
an appropriate amount of Pt. The excessive amount of Pt had a negative effect on the catalytic activity
in the reduction of 4-NP to 4-AP. These findings were in agreement with the catalytic behaviors of
AuCu alloy reported in a recent literature [39]. In that work, the reaction pathway for reduction of
nitroaromatics to anilines was adjusted by tailoring the compositions of bimetallic nanocatalysts. A
similar volcano curve associated with the yield of aniline was observed with the change of Cu contents.
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The volcano curve behavior indicated that the chemical compositions of the bimetallic nanocatalysts
were important parameters for affecting the catalytic activity.

Figure 5. (a) Ultraviolet-visible (UV-VIS) absorption spectra of the solution before (i) and after (ii)
the addition of NaBH4 and (iii) after the addition of NiPt-0.6% catalyst; (b) time-dependent UV-VIS
absorption spectra of the reduction of 4-NP over the NiPt-0.6% catalyst in aqueous solution at room
temperature; (c) reduction of 4-NP over different catalysts as a function of time; (d) apparent rate
constants (Ka) of the reactions in the presence of supported catalysts.

The reduction rate of 4-NP was independent of the concentration of reducing agent (NaBH4) since
the initial concentration of NaBH4 greatly exceeded that of 4-NP (~100 times). Thus, the reduction
process could be described with pseudo-first-order kinetics with respect to the concentration of
4-NP [40]:

´ ln pCt{C0q “ Kat (3)

where C0 and Ct (unit in mM) were the concentrations of 4-NP at the beginning and at a certain
time, respectively. Figure 5d showed the apparent rate constants (Ka) for different catalysts, which
were calculated according to equation 3. The values of Ka for NiPt-0.2%, NiPt-0.6%, and NiPt-1.0%
catalysts were 0.01077, 0.01882, and 0.00468 s´1, respectively, all of which were higher than that of
the Ni catalysts (0.00306 s´1). This could be caused by the strong interactions between Ni and Pt. The
electronic structures of Ni were modified by incorporation of Pt, which was consistent with the recent
report on Ir-promoted Ni catalysts for hydrogenation reaction [18]. As to the different activities of
NiPt catalysts, it might be due to the different exposed crystal planes of Ni NPs and Pt NPs. As shown
in Figure 2c, the NiPt-0.6% catalysts showed the Ni (200) plane besides the Ni (111) one. The crystal
plane-dependent activity has been confirmed in metal-supported oxide catalysts [41]. Further studies
on the correlations were required by constructing a less complicated model catalyst.

In addition, the Ka values of various catalysts were compared in Table 3. It was seen that
the NiPt-0.6% catalyst showed much larger Ka value than the reported nickel catalysts [4,6,14].
Importantly, this catalyst exhibited higher activity than noble-metal and bimetallic ones such as
DPNs (dendritic Pt nanoparticles) [11], reduced graphene oxide (RGO)/PtNi [35], Pt/γ-Al2O3 [40]
and Ni-Pt [42]. The comparisons further verified the superior catalytic activity of the optimal NiPt
catalysts for 4-NP reduction and highlighted the very limited use of noble-metal Pt in the as-prepared
high-performance catalysts.
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Table 3. Comparisons of the apparent rate constant (Ka) for 4-NP reduction over various catalysts.

Catalysts Reaction Conditions 1 Ka
2/10´3 s´1 References

NiPt-0.6% (Ni: 36.98 wt % Pt: 0.347 wt %) 15.5 mg, 2 mM, 25 ˝C, 0.25 M 18.82 This work
Pd0.05/G 4 mg, 0.3 mM, 25 ˝C, 0.1 M 36.5 [1]
Ir/IrOx -, 20 mM, 25 ˝C, 0.2 M 2.57 [2]

230 nm Ni/SiO2 MHMs (Ni: 14.6 wt %) 3 mg, 5 mM, 25 ˝C, 0.2 M 4.5 [4]
Ni NPs 3 mg, 0.1mM, 20 ˝C, 0.2 M 2.7 [6]

Pd-Fe3O4 (1.2 wt %) 10 mg, 21.56 mM, 25 ˝C, 0.1 MPa - [7]
DPNs -, 2 mM, 25 ˝C, 0.3 M 0.75 [11]

Ni/TiO2 400 mg, -, 100 ˝C, 1.5 MPa - [14]
Ni/SiO2@Au MHMs 4 mg, 5 mM, 25 ˝C, 0.2 M 10 [15]

RGO/PtNi (25:75) 3 mg, 5 mM, 25 ˝C, 1.5 M 1.12 [35]
TAC-Ag-1.0 0.004 mg, 0.103 mM, 25 ˝C, 0.3 M 5.19 [38]

Au-Cu alloy NP 50 mg, -, 60 ˝C, - - [39]
Pt/γ-Al2O3 (2.7 wt %) 0.5 mg, 1 mM, 22 ˝C, 0.1M 0.53 [40]

Ni-Pt (96:4) 0.004 mg, 0.085 mM, 25 ˝C, 0.012 M 1.93 [42]
AuNPs/SNTs 8 mg, 0.12 mM, 25 ˝C, 0.005 M 10.64 [43]

AuNP/CeO2 (Au: 0.031 mg) 10 mg, 0.12 mM, 25 ˝C, 0.005 M 2.25 [44]
1 Reaction conditions follow the order of amount of catalyst, the initial concentration of 4-NP, temperature, H2
pressure/the concentration of NaBH4; 2 Ka: Apparent rate constant.

Generally, the formation of a bimetallic structure can change the electronic states of metals,
particularly the d-band center of the involved metal atoms, which is highly relevant to their catalytic
activity [45]. The variations of the d-band in metals have been theoretically studied using density
functional theory (DFT) computations assuming some specific extended-surface models [46,47].
Recently, the theory has also been applied to bimetallic systems to correlate the changes in the
electronic states with the catalytic activities in a variety of reactions [48]. With regard to the NiPt NPs
studied in this work, Ni was reduced in situ and enriched on the surface from a hybrid of LDH/carbon
precursor. The pristine Ni NPs showed the activity towards the reduction of 4-NP. Upon introducing
Pt to the Ni catalysts, the local electronic structures of the Ni were affected, and the electron density on
the Ni was changed, which was dependent on the bimetallic compositions [42]. It was found that the
NiPt-0.6% catalysts had higher activity than the NiPt-1.0% with a larger content of Pt. It could be due
to the different exposed crystal planes of Ni NPs (Figure 2c).

On the other hand, small nanoparticles and excellent dispersions resulted in high activity in many
cases [49,50]. The sizes of nickel crystallites as estimated by TEM decreased with increasing amount
of Pt. No obvious agglomeration of Ni NPs was observed although the Ni loading was very high
(36%–39%). This highlighted the advantages of the precursor method from LDH/carbon hybrid owing
to the lattice anchoring effect of metal ions in the layers of LDH [22,25]. The Pt-modified Ni NPs were
more active for adsorbing and cleaving H2 molecules than the pristine Ni NPs during reduction of
4-NP, owing to a higher electron density of NiPt active sites [51]. The produced active hydrogen atoms
reacted with 4-NP on the active sites to generate 4-AP. A reaction pathway was shown in Figure 6.
First, NaBH4 rapidly reacted with water to release H2, in which the sodium metaborate (NaBO2)
was formed as a byproduct. Then, the H2 split H–H bond into H atoms, which adsorbed on the
surface of metal nanoparticles. There was no doubt that the increase in chemisorbed H atoms on NiPt
nanoparticles could improve the reducibility. It was accepted that the more hydrogen adsorbed, the
higher the catalytic activity exhibited [18]. The negatively-charged hydrogen in the metal–hydrogen
bond attacked the positively charged nitrogen within the nitro group of 4-NP. Subsequently the nitro
group was reduced to the nitroso group intermediate, followed by the reaction of two hydrogen
atoms to form hydroxylamine. Finally, the hydroxylamine was further reduced to amino group to
obtain 4-AP.
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Figure 6. Reaction pathways for the reduction of 4-NP to 4-AP: (a) NaBH4 hydrolyzed to release H2;
(b) H2 molecules split to H atoms on the surface of metal NPs and reacted with 4-NP; (c) H atoms
reacted with the nitrosophenol intermediate to form hydroxylamine; (d) hydroxylamine was further
reduced to the final product 4-AP. H–M–H represents the split of H2 molecules on the surface of
metal NPs.

The native magnetic property of the nanocatalysts caused by Ni made them economically and
easily separated after reactions using an external magnet (Figure 7), and the catalysts were conveniently
recycled and reused in a fresh solution.

Figure 7. Separation of NiPt-0.6% from solution by a magnet: (a) before addition of the catalyst; (b) after
addition of the catalyst; (c) the suspension solution after reaction; (d) separation of solid catalysts with
a magnet.

3. Experimental Section

3.1. Materials

Hexachloroplatinic acid (H2PtCl6¨ 6H2O, 99.9%) was purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Glucose anhydrous and NaBH4 were purchased from Kermel
Chemical Reagent Co., Ltd. (Tianjin, China). 4-nitrophenol, received from Macklin Biochemical Co.,
Ltd. (Shanghai, China), was used without further purification. Other chemicals and reagents were all
analytical reagent grade and used as received without further purification. Deionized water was used
throughout the process.
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3.2. Synthesis of NiAl-LDH Precursor

A mixture of Ni(NO3)2¨ 6H2O and Al(NO3)3¨ 9H2O were dissolved in 30 mL of deionized water
to form a clear salt solution ([Ni2+] = 0.2 M, [Al3+] = 0.1 M). The salt solution was rapidly poured into
a 30 mL NaOH and Na2CO3 solution ([OH´] = 1.6[Ni2+ + Al3+], [CO3

2´] = 2[Al3+]) within several
tens of seconds under vigorous stirring. The mixture solution was further stirred for 10 min at room
temperature. The resulting suspension was then centrifuged and re-dispersed in deionized water
for five cycles to obtain LDH precipitate. The resulting precipitate was transferred and dispersed
into a Teflon-lined autoclave (100 mL total volume), and 80 mL of deionized water was added to it.
The autoclave was then tightly sealed and maintained at 150 ˝C for 10 h. The resulting bluish green
suspension was directly vacuum-freeze-dried overnight to collect the solid NiAl-LDH powder.

3.3. Synthesis of LDH/Carbon Composites and Supported NiPt Catalysts

A certain amount of H2PtCl6¨ 6H2O was added to 30 mL of glucose (C6H12O6) solution
([C6H12O6] = 2.5[Ni2+ + Al3+]). The precipitate obtained via the above-mentioned room-temperature
co-precipitation was dispersed in the mixture solution. The resultant solution was transferred into
an autoclave with the same fill volume and maintained at the same temperature (150 ˝C) for the
same period of time (10 h). Subsequently, the product was centrifuged and washed with deionized
water and ethanol five times. Finally, the precipitate was freeze-dried overnight to obtain LDH/C
composites and Pt/LDH-C. The resulting composites were loaded into an alumina boat and calcined
in a tube furnace in a flowing N2 atmosphere. The furnace was heated to a preset temperature at a
rate of 5 ˝C/min, and the temperature was maintained for 2 h. After the reaction, the furnace was
naturally cooled to room temperature. The obtained black product was denoted as NiPt-x, where x is
the theoretical loading percentage of Pt (wt %).

3.4. Characterizations

UV-VIS absorption spectra were recorded using a (TU-1810 spectrometer, Purkinje, Inc., Beijing,
China. TEM and high-resolution TEM (HRTEM) images were obtained using a JEM-2100 microscope
(JEOL, Tokyo, Japan) with an Oxford INCA detector (Oxford-instruments, Shanghai, China) operating
at 200 kV. The compositions of the as-prepared catalysts were determined through inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) (ICPS-7500 Spectrometer, Shimadzu, Inc., Beijing,
China) Powder XRD analyses were performed using a Bruker D8 Advanced diffractometer (Bruker,
Beijing, China) with Cu Kα radiation, and the scanning angle 2θ ranged from 5˝ to 80˝. XPS
measurements were performed using a VG ESCALAB250 (Thermo Fisher Scientific, MA, USA) with
Al Kα radiation (hν = 1486.6 eV). The specific surface areas were measured via N2-adsorption at 77 K
using a static volumetric Quantachrome Autosorb-1C-VP Analyser (Quantachrome, Shanghai, China).
The specific surface area was calculated using a Brunauer–Emmett–Teller (BET) method.

3.5. Catalytic Evaluation

Catalytic reduction reactions of 4-nitrophenols were conducted at room temperature (25 ˝C) in the
presence of NiPt catalysts with varying Pt content. Typically, aqueous solutions of 4-NP (2 mM) and
NaBH4 (0.25 M) were freshly prepared. NiPt catalyst in the amount of 15.5 mg was dispersed into 40 mL
of 4-NP and NaBH4 mixture solutions under continuous stirring. To evaluate the reaction progress,
approximately 1 mL of solution was taken out of the reaction mixture at specified time intervals and
subsequently diluted 20 times with deionized water. This step was followed by recording of the
UV-VIS spectra of the solution to examine the concentration of 4-NP by monitoring the adsorption
peak at 400 nm.
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4. Conclusions

The supported NiPt nanocatalysts were synthesized by an in situ reduction strategy from
Pt@LDH/carbon composites precursor. The precursor method ensured the formation of nanosized
(~10 nm) and aggregate-free Ni NPs. The incorporation of Pt to the pristine Ni catalysts led to the
enhanced activity towards the reduction of 4-NP to 4-AP because the modification of Pt affected the
electronic structures of Ni. The optimal NiPt catalysts with an appropriate amount of Pt showed
excellent activity in the reduction of 4-NP. The apparent rate constant (Ka) reached 18.82 ˆ 10´3 s´1,
which was 6.2 times higher than that of Ni catalysts and much higher than most of reported catalysts
in the literaures. The present method for bimetallic catalysts could be extended to other compositions
owing to the adjustable components in LDHs to improve the catalytic activity of the monometallic
ones and simultaneously to minimize the utilization of noble metals.
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Abstract: Ultrasmall nanoparticles, with sizes in the 1–3 nm range, exhibit unique properties distinct
from those of free molecules and larger-sized nanoparticles. Demonstrating that the hydrothermal
method can serve as a facile method for the synthesis of platinum nanoparticles, we successfully
synthesized ultrasmall Pt nanoparticles with an average size of 2.45 nm, with the aid of poly(vinyl
pyrrolidone) (PVP) as reducing agents and capping agents. Because of the size effect, these ultrasmall
Pt nanoparticles exhibit a high activity toward the methanol oxidation reaction.

Keywords: hydrothermal method; ultrasmall nanoparticles; PVP; methanol oxidation

1. Introduction

Platinum has been widely used in many applications, especially for catalysis and fuel cell
technology, due to its ability to facilitate both oxidation and reduction reactions [1–5]. Size and shape
play an important role in determining properties and potential applications of nanomaterials. Thus,
downsizing these nanomaterials can provide a great opportunity to achieve a high surface-to-volume
ratio and thus enhance the metal utilization in noble metal–based catalysts or electrocatalysts.
Ultrasmall nanoparticles (USNPs), with sizes in the 1–3 nm range, exhibit unique properties distinct
from those of free molecules and larger-sized nanoparticles.

Pt USNPs have also been reported. By using alcohols as reductants in the presence of poly(vinyl
pyrrolidone) (PVP) in a refluxing aqueous system, Pt USNPs were obtained [6]. The average size of
Pt USNPs could be controlled from 1.9 to 3.3 nm by changing the alcohol or the concentrations of
the reagents. Photochemical methodology also could be used as a very effective way to produce Pt
USNPs [7]. It involved visible light as a reaction trigger and platinum acetylacetonate and thioglycolic
acid as the only chemical reactants. The average diameter of platinum nanoparticles was 1.0 ± 0.3 nm.
Li et al. reported the synthesis of monodisperse Pt USNPs stabilized with peptides in aqueous solution
at room temperature [8]. The specifically selected peptide molecule, P7A, is able to bind to the surface
of the Pt NPs and regulate the nucleation and growth rates, affording monodisperse Pt NPs with sizes
in the 1.7–3.5 nm range. Pt USNPs have also been synthesized with hydrophobic ligands. Uniform
2-nm-sized Pt USNPs were obtained by the decomposition of platinum dibenzylideneacetone under
mild conditions in the presence of n-octylsilane [9]. Lim et al. successfully synthesized Pt USNPs with
an average size of 1.9 nm through the reaction of a Pt salt precursor with water, without the aid of
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any exotic reducing agents and organic capping molecules [10]. The in situ synthesis of Pt USNPs at
room temperature using poly(4-vinyl phenol) (PVPh) as both the reducing as well as the stabilizing
agent in aqueous alkaline solution has been reported [11]. Transmission electron microscopic analysis
confirms the formation of ultra-small spherical Pt USNPs from 1.6 to 2.2 nm in diameter with a high
degree of monodispersity depending on the ratio of PVPh to platinum salt concentrations used in a
single reaction.

Specific organic capping agents or stabilizers have been exploited in order to restrict nanocrystal
growth as well as to provide a barrier to agglomeration. Notably, PVP has received special attention
due to its high chemical stability, nontoxicity, and excellent solubility in many polar solvents. Hydroxyl
end groups of PVP can be applied as a general strategy for the kinetically controlled synthesis of
nanoplates made of noble metals such as Ag, Pd, Au, and Pt [12,13]. PVP (see Scheme 1) has an affinity
for long-chain alcohols owing to its hydroxyl end groups; it can serve as a reducing agent. As a major
advantage over alcohols with short alkyl chains commonly used in chemical synthesis, the PVP can be
used as both reductant and stabilizer.

The hydrothermal method has been used in the synthesis of semiconductor nanocrystals and
nanocomposites for a long time, but its role remains largely unexplored in the synthesis of noble-metal
colloids. Here we demonstrate that Pt USNPs can be synthesized through a hydrothermal method
with PVP. To the best of our knowledge, the present work may be the first report on synthesizing Pt
USNPs in aqueous solutions by means of a simple hydrothermal method.

Scheme 1. Formulas of OH-terminated poly(vinyl pyrrolidone) (PVP) and the structural variation in
the effect of PtCl62− ions.

2. Results and Discussion

We synthesized Pt USNPs by reacting K2PtCl6 with PVP in a closed autoclave in an oven at 160
◦C for 8 h. Transmission electron microscope (TEM) images in Figure 1a,b show that the Pt USNPs
have an average size around 2.45 nm. The high resolution TEM image of the crystal structure of the Pt
USNPs in Figure 1c displays a well-defined crystal lattice. The inset image in Figure 1c shows that a
d spacing between adjacent lattice planes of 0.224 nm corresponds to the {111} planes, and 0.195 nm
corresponds to the {200} planes. TEM studies and a size histogram of Pt USNPs obtained by counting
200 particles (Figure 1d) show that these Pt USNPs typically have nearly spherical shapes, with a
narrow size distribution. The formation of Pt USNPs synthesized in the hydrothermal method is due
to the presence of PVP. The OH-terminated PVP can be applied as the reductant for the synthesis
of nanoparticles made of other noble metals (such as Ag, Pd, Au, and Pt) [12–15]. Compared with
alcohols (commonly used in the chemical synthesis), the PVP can be used as both a reductant and
stabilizer. Scheme 1 shows the formula of OH-terminated PVP and the structural changes effected by
PtCl62− ions. The powder X-Ray diffraction (XRD) pattern of the product (Figure 2) was matched with
that of bulk Pt (Fm-3m, a = 3.924, PDF No. 89–7382), confirming the formation of metallic Pt USNPs
with a face-centered cubic structure.
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Figure 1. (a,b) Typical transmission electron microscope (TEM) images of ultrasmall Pt nanoparticles at
different magnification and (c,d) high-resolution TEM image and the corresponding size distributions
of the samples.

Figure 2. Powder X-Ray diffraction (XRD) pattern of ultrasmall Pt nanoparticles.

We tested the electrochemical behaviors of the prepared Pt USNPs. In order to minimize possible
aggregation during the catalytic reaction and utilize the support effect, we used Vulcan XC-72 as the
support. Vulcan XC-72 carbon, which is the most widely used support material for direct methanol
fuel cell electrodes, is amorphous with a specific surface area of 212 m2·g−1. A given weight of Vulcan
XC-72 was mixed with the as-prepared solution of Pt USNPs for an hour. The products were separated
and dried in a vacuum oven. Figure 3a shows that a number of Pt USNPs were distributed almost
evenly over the entire surfaces of the Vulcan carbon powders. We measured cyclic voltammetry (CV)
curves of Pt/Vulcan XC-72 catalysts in N2-saturated 0.5 M H2SO4 in comparison with the commercial
Pt/C catalyst (E-TEK, 30% Pt on Vulcan XC-72 carbon support). CV curves of Pt/Vulcan XC-72 catalysts
(Figure 3b) reveal a large peak between −0.24 and 0.08 V (vs. saturated calomel electrode (SCE)), which
is associated with the hydrogen adsorption/desorption processes. The electrochemically active surface
area (ECSA) can be calculated from the charge involved in the hydrogen adsorption/desorption
processes using Equation (1) [16].

ECSA = Q/[Pt]× 0.21 mC·cm−2 (1)
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where Q (mC) and [Pt] are the charge for hydrogen adsorption/desorption and the loading of Pt on
the electrode, respectively, while 0.21 mC·cm−2 is the electrical charge associated with the monolayer
adsorption of hydrogen on Pt [17]. The ECSA of the Pt/Vulcan XC-72 is as high as 46.2 m2/gPt,
which is 1.52 times greater than that of the commercial Pt/C catalyst (30.3 m2/gPt). It demonstrated
Pt/Vulcan XC-72 catalysts had much higher ECSA.

The electrochemical performance of the Pt/Vulcan XC-72 composite (shown in Figure 3a) was
tested for methanol oxidation, which is at the heart of direct methanol fuel cells (DMFC) application
in the anodic half-cell reaction. For comparison, the commercial Pt/C catalyst was also evaluated
in the same condition. The electrocatalytic performances of the Pt-based electrocatalysts towards
methanol oxidation were evaluated using CV and amperometric i-t in 0.5 M H2SO4 + 0.5 M CH3OH
solution. CV curves in Figure 3c show two prominent peaks in both positive and negative scans
corresponding to the methanol oxidation for all tested catalysts, and it can be seen that the current
from methanol oxidation becomes apparent as the potential rises to above 0.2 V. In the forward scan,
methanol oxidation produces an anodic peak at around 0.6 V. In the reverse scan, an anodic peak
appears at around 0.4 V. This anodic peak in the reverse scan can be attributed to the removal of
the incompletely oxidized carbonaceous species formed in the forward scan. These features of CV
curves are in agreement with the reports for the Pt/C catalyst. As shown in Figure 3c, the peak
current of methanol oxidation on Pt/Vulcan XC-72 is 373 mA·mg−1 Pt, which is much higher than
that of the commercial Pt/C catalyst (148.3 mA·mg−1 Pt). The ratio of the forward oxidation current
peak (If) to the reverse current peak (Ib), If/Ib, is an index of the catalyst tolerance to the poisoning
species. A higher ratio indicates more effective removal of the poisoning species on the catalyst surface.
The If/Ib ratio of Pt/Vulcan XC-72 is 2.27, higher than that of the commercial Pt/C (1.93), showing
better catalyst tolerance of the Pt/Vulcan XC-72 catalyst.

Figure 3. (a) TEM images of Pt ultrasmall nanoparticles (USNPs) supported on Vulcan XC-72 carbon;
(b) Cyclic voltammetry (CV) curves of Pt electrocatalysts in N2-saturated 0.5 M H2SO4 with a scan
rate of 50 mV·s−1; (c) CV curves at a scan rate of 50 mV·s−1 with different Pt electrocatalysts in 0.5
M H2SO4 + 0.5 M CH3OH; (d) Amperometric i-t curves of Pt electrocatalysts in 0.5 M H2SO4 + 0.5 M
CH3OH solution at 0.6 V (vs. saturated calomel electrode (SCE)).
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To further compare the electrochemical long-term performance between Pt/Vulcan XC-72 and
commercial Pt/C, a chronoamperometry test was conducted in the solution of 0.5 M H2SO4 and 0.5
M CH3OH for 850 s at a fixed potential of 0.6 V (vs. SCE), as shown in Figure 3d. The initial high
current density was attributed to the double-layer charging and the numerous available active sites
of Pt atoms. The currents of all the catalysts decreased rapidly within first few seconds due to the
formation of CO-like intermediates such as CO and CHO, etc. [18–21], which generated during the
oxidation of methanol and adsorbed on the surface of active Pt atoms to prevent methanol’s further
oxidation on these Pt atoms. After that, the currents kept on decreasing and gradually maintained a
steady state. The current density of Pt/Vulcan XC-72 was higher than that of commercial Pt/C during
the whole testing time. The current density of Pt/Vulcan XC-72 is 17.2 mA·mg−1 at 850 s, which is
much higher than that of commercial Pt/C (5.6 mA·mg−1 at 850 s). The higher current density directly
reflected the higher resistivity of Pt/Vulcan XC-72 to the poisoning of CO-like intermediates.

3. Experimental Section

3.1. Chemicals and Materials

Potassium hexachloroplatinate (IV) (K2PtCl6, AR) and methanol were purchased from Shanghai
Chemical Reagent Company (Shanghai, China). Poly(vinyl pyrrolidone) (PVP, Mw = 55,000) was
received from Aldrich. Vulcan XC-72 was purchased from Cabot (Boston, MA, USA) and 5% Nafion
was purchased from Sigma (Shanghai, China). All chemicals were used as received without further
purification. High-purity deionized water (>18.4 MΩ·cm) was produced using Millipore A10 Milli-Q
(Darmstadt, Germany).

3.2. Synthesis of Pt USNPs

A typical synthesis process can be concisely described as follows. K2PtCl6 (38.8 mg) and PVP (44.4
mg, Mw = 55,000) were added into water (10 mL), and the solution was stirred for 10 min. Then the
homogeneous orange-yellow solution was transferred to a 15 mL Teflon-lined stainless steel autoclave.
The container was then sealed in a stainless steel bomb. The whole system was heated and maintained
in an oven at 160 ◦C under autogenous pressure for 8 h. After the reaction finished, the container was
cooled under room temperature conditions naturally. Finally, a solution of Pt particles with dark gray
color was obtained.

3.3. Synthesis of Pt USNPs/Vulcan XC-72

A given weight of Vulcan XC-72 was mixed with the as-prepared solution of Pt USNPs for an
hour. The products were separated via centrifugation (12,000 rpm, 10 min) and further purified twice
by deionized water and then dried in a vacuum oven at 80 ◦C for 8 h.

3.4. Characterization

The transmission electron microscopy (TEM) images were obtained on JEOL JEM-2100F
instruments (Tokyo, Japan) operating at an accelerating voltage of 200 kV. For the preparation of
samples for electron microscopy analyses, aliquots taken from the as-prepared Pt USNPs were dropped
directly onto carbon-coated copper grids placed on a filter paper and then dried at room temperature
in air. The grids were placed in a sack and steeped in alcohol for a half hour. After that, the grids
were taken out and dried at room temperature in air. The structures of as-prepared products were
characterized by X-Ray diffraction (XRD) (Rigaku D/Max 2550 X, Cu Kα radiation, λ = 0.154178 nm,
Tokyo, Japan). The composition of Pt/Vulcan XC-72 was determined by energy dispersive X-Ray
spectroscopy (EDS, Quanta FEG 250, 20 kV, FEI Company, Hillsboro, OR, USA).
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3.5. Electrocatalytic Activity Evaluation

Electrochemical characterizations were carried out using with CHI660D and a three-electrode
configuration with a saturated calomel electrode (SCE) and a platinum foil as the reference and counter
electrode, respectively. The catalyst ink, which was prepared from the mixture of catalyst (2 mg),
ethanol (1 mL), and Nafion solution (5%, 50 μL), was spread onto a glass carbon (GC) electrode (4 mm
diameter). For all electrodes, a metal loading of 23.8 μg·cm−2 was used. Commercial Pt/C catalyst (30
wt %) was also tested for comparison. Cyclic voltammetry (CV) measurements were performed in
0.5 M H2SO4 solutions under a flow of N2 at a sweep rate of 50 mV·s−1. The amperometric i-t curves
were obtained in 0.5 M H2SO4 + 0.5 M CH3OH.

4. Conclusions

In summary, a novel method has been successfully developed to synthesize Pt USNPs with
an average size of 2.45 nm. These Pt USNPs supported on Vulcan XC-72 exhibited an enhanced
activity for methanol oxidation compared to the commercial Pt/C catalyst, thus providing great
potential as a promising electrocatalyst for high performance DMFCs. Our results suggest that the
PVP-assisted hydrothermal method is a simple and environmentally benign route for the synthesis
of Pt nanoparticles for catalysis and other applications. Significantly, our results also provide a new
insight into the role played by the hydrothermal method in the synthesis of noble metal nanoparticles.
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Abstract: N-doped TiO2 nanotubes have been prepared as additives to improve the catalytic capability
of Pt/graphene composites in methanol oxidation reactions. Electrochemical experiments show that
the catalytic performance of Pt/graphene composites has been greatly improved by the introduction
of N-doped TiO2 nanotubes.
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1. Introduction

Carbon materials are widely used as electrode materials in supercapacitors, batteries and catalyst
carrier in fuel cells [1–3]. Novel carbon materials especially such as carbon nanotubes (CNTs),
mesoporous carbon, carbon nanoparticles and graphene nanosheets have drawn much more attention
in the field of energy storage and conversion due to their high conductivity, large surface area and
good chemical stability [4,5].

The direct methanol fuel cell (DMFC) is considered a promising power source for portable
electronic devices [6,7]. One key challenge is to develop catalysts with high catalytic capability.
The form of carbon is found to play an important role for the catalytic performance of anode catalysts
in DMFC [8]. Materials with high surface area will show obvious advantages due to the facilitated
mass and charge transport and a higher electrode/electrolyte contact area [9]. Graphene nanosheets
have shown improved catalytic performance as support carrier compared with traditional carbon
black due to the high specific surface area and high conductivity, according to previous work by us and
another group [10–12]. However, the catalytic performance for Pt/graphene based catalyst need to be
further improved to reduce the usage of noble metal. A lot of methods have been used to improve
the electrochemical performance of Pt based catalyst by modifying the support carrier. For example,
nitrogen doping has proved to be an effective strategy to improve the electrochemical performance
of graphene materials. A series of N-doped graphene/Pt nanocomposites have been prepared and
showed improved electrochemical activity toward methanol oxidation [13–15].

Transition metal oxides such as CeO2, SnO2, MnO2, and TiO2 can be employed as support
carriers to improve the electrocatalysts activity and stability [16,17]. Among these metal oxides, TiO2

is of particular interest due to the good corrosion resistance, low price and environmentally-friendly
nature. TiO2 as a semiconductor has a low electric conductivity, which limited its total substitution
of carbon support carriers. Considering the high conductivity of carbon materials, TiO2/carbon
materials composites are frequently used as support to overcome the disadvantage of TiO2 [18,19].
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Furthermore, the electrochemical performance of TiO2 is also dependent on its crystal phase and
chemical doping [20].

Considering the special properties of N-doped TiO2, in this report, high performance Pt/graphene
catalyst were prepared in which N-doped TiO2 nanotubes was added as additives, and the catalytic
performance toward methanol oxidation reaction indicated that as formed composites had much
improved catalytic activity compared with Pt/graphene composites without additives.

2. Results and Discussion

Figure 1A shows the X-ray diffraction (XRD) pattern of TiO2 nanotubes and N-doped TiO2

nanotubes. For TiO2 nanotubes, most of the strong peaks can be easily indexed to anatase-phase
TiO2 (JCPDS No. 21-1272). In contrast, the broadened peaks at ~26˝ for N-doped sample might
be related to distortion in the O–Ti–O lattice due to the doping of nitrogen into TiO2, similar to
our previous report [21]. Figure 1B shows the N2 adsorption/desorption isotherm at 77 K. These
isotherms exhibit characteristics of characteristics of type IV, indicating the presence of meso and
micro pores. The total specific surface areas (SSA) of N-doped and undoped TiO2 evaluated using the
Brunauer–Emmett–Teller (BET) equation were 257.7 and 267.6 m2¨ g´1, respectively. The N-doped
TiO2 sample showed a light yellow color, which is obviously different to the white color of undoped
sample (inset of Figure 1B). As shown in Figure 1C, the N-doped TiO2 nanotubes showed the typical
hollow tubular morphology with a diameter ~7–10 nm, up to hundreds of nanometer in length, and
the wall thickness of the nanotube is approximately 2–3 nm. Notably, TiO2 nanorods may form under
certain heat treatment of titanium hydrogen oxide nanotubes such as under hydrogen atmosphere [22].
The XRD patterns of the graphite oxide (GO), Pt/graphene (Pt/G), Pt/graphene with N-doped
TiO2 nanotubes (Pt/G-NT) and Pt/Graphene with undoped TiO2 nanotubes (Pt/G-T) are shown in
Figure 1D. As shown in the XRD pattern of GO, the characteristic peak at 10.8˝ indicated the successful
oxidation of graphite. The strong diffraction peaks at ~39.9˝ and 46.2˝ in the XRD patterns correspond
to the (111), and (200) facets of the face-centered cubic structures of platinum crystal, which are in good
agreement with the cubic Pt (JCPDS No. 4-802). The broad peak located at ~24˝ indicates the reduction
of graphite oxide into poorly ordered graphene nanosheets. Although N-doped TiO2 nanotubes were
added during the preparation process, no peaks corresponding to TiO2 were detected due to the small
amounts added.

The typical TEM image of Pt/G-NT nanocomposites (Figure 1D) showed that the Pt nanoparticles
were deposited on the surface of graphene nanosheets. No TiO2 nanotubes additive in the Pt/graphene
composites can be seen from the TEM image due to the low ratio of GO: N-TiO2 nanotubes and the
reaction of N-TiO2 in the solution. As shown in Figure 1E, it is clearly visible that Pt nanoparticles
with diameter in the range of 3–10 nm were decorated on the surface of graphene nanosheets. High
resolution transmission electron microscopy (HRTEM) investigation (Figure 1F) showed that the lattice
fringes with a spacing of ~0.23 nm can be seen in these domains, consistent with the spacing of the
(111) planes of Pt calculated from XRD.

The X-ray photoelectron spectroscopy (XPS) survey spectrum of as prepared N-doped TiO2

(Figure 2A) confirms the presence of Ti, O, and N, while that of Pt/G-NT proves that the presence of Pt,
C, O, Ti and N. The Ti 2p XPS spectrum (Figure 2B) can be deconvoluted into three peaks centered at
about 284.8, 285.5 and 287.2 eV, corresponding to C–C, C–O and C=O bonding, respectively. Figure 2B
illustrates the high-resolution XPS spectra of Ti 2p. Two prominent peaks located at about 458.7 and
464.2 eV for N-doped TiO2 can be assigned to Ti 2p3/2 and Ti 2p1/2, respectively. The binging energy
of Ti 2p peak shifts to lower energies compared to that of Ti4+, indicating the presence of trivalent
Ti bonding due to the partial substitution of O atom in the TiO2 with a N atom [23]. In contrast, the
doublet peaks for Pt/G-NT shifted to higher binding energies, suggesting the valence state of Ti3+ has
changed to Ti4+. The entire process is still not very clear. The possible process might be as follows. The
“TiN” on the surface of N-doped TiO2 nanotubes can react with water or NaOH in the solution [24].
During this process, trivalent Ti changed into tetravalent Ti4+, while N was released in the form of NH3.
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The as-formed NH3 in aqueous solution will react with GO, resulting to the formation of N-doped
graphene. Quantitative XPS analysis shows that the doping level of Ti in Pt/G-NT is ~0.17 atomic (at.)
%. The O 1s spectrum of N-doped TiO2 is shown in Figure 2C with their peak curve-fitting lines with
respect to the chemical states. The O 1s peaks can be fitted into two peaks at about 530.1 and 532.2 eV,
which are assigned to Ti–O and chemisorbed oxygen, respectively. In comparison to the C 1s spectrum
of the GO, that of Pt/G-NT sample showed sharply decreased intensity for peak(s) corresponding to
the epoxy/ether group (286.9 eV, Figure 2D), indicating that most these oxygen containing groups
have been removed during reaction. Notably, sp2 C–N peak is overlapping with C–O peak, and sp3
C–N peak is also overlapping with C=O peak [25–27]. The high-resolution N 1s XPS spectrum shown
in Figure 2E reveals the presence of Ti-N bond as well as O´Ti´N bond (in as prepared N-doped
TiO2 nanotube. The nitrogen content is ~6.47 at % in the N-doped TiO2 according to quantitative
analysis. For Pt/G-NT sample, N 1s spectrum can also be observed. The results indicate that the small
amount of N atoms is incorporated into the carbon framework of graphene sheets. Quantitative XPS
analysis shows that the doping level of N in Pt/G-NT is ~0.86 at %. As seen from the high resolution
N 1s spectrum (Figure 2D), the N 1s peak can be fitted by three component peaks at 398.3, 400.2 and
401.9 eV which can be attributed to pyridinic (N-6), pyrrolic/pyridine (N-5) and quaternary nitrogen
(N-Q), respectively. In Figure 2F, the main doublet at 75.1 and 71.7 eV is characteristic of metallic Pt,
indicating the reduction of tetravalent Pt.

 
Figure 1. (A) X-ray diffraction (XRD) patterns of TiO2 nanotubes and N-doped TiO2 nanotubes;
(B) N2 adsorption/desorption isotherm for N-doped TiO2 nanotubes and undoped TiO2 at 77 K (inset:
digital image of N-doped TiO2 nanotube and undoped TiO2 nanotubes); (C) Transmission electron
microscopy (TEM) images of N-doped TiO2 nanotubes; (D) XRD patterns of graphene oxide (GO,
Pt/graphene (Pt/G), Pt/graphene with TiO2 (Pt/G-T), and Pt/graphene with N-doped TiO2 (Pt/G-NT);
(E) TEM image of Pt/G-NT and (F) High-resolution transmission electron microscopy (HRTEM) of
Pt/G-NT composites.
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Figure 2. X-ray photoelectron survey spectra of GO, N-doped TiO2 and Pt/G-NT (A), high resolution
spectra of Ti 2p (B), O 1s (C), C 1s (D), N 1s (E) and Pt 4f (F).

To evaluate the electrochemical activity of as-prepared samples, cyclic voltammogram (CV)
experiments were carried out within a potential range from ´0.2 to 1.0 V at a scanning rate of
50 mV¨ s´1 in the solution of nitrogen saturated 0.5 M H2SO4. As seen in Figure 3, the Pt/G-NT
electrode shows electrochemically active nature, an obvious hydrogen adsorption characteristic.

 

Figure 3. (A) Cyclic voltammograms of Pt/G, Pt/G-NT and Pt/G-T an in nitrogen saturated aqueous
solution of 0.5 M H2SO4 at a scan rate of 50 mV¨ s´1. (B) Cyclic voltammograms of Pt/G, Pt/G-NT
and Pt/G-T an in nitrogen saturated aqueous solution of 0.5 M H2SO4 containing 0.5 M CH3OH at a
scan rate of 50 mV¨ s´1. (C) Chronoamperometric curves for Pt/G, Pt/G-NT and Pt/G-T catalysts in
nitrogen saturated aqueous solution of 0.5 M H2SO4 containing 0.5 M CH3OH at a fixed potential of
0.5 V vs. Ag/AgCl (KCl saturated (sat.))
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The electrochemically active surface areas (ECSAs) were evaluated by integrating the cyclic
voltammogram corresponding to hydrogen desorption from the electrode surface [28]. The ECSAs
for the Pt/G-NT, Pt/G and Pt/G-T were estimated to be 63, 50 and 58 m2¨ g´1 Pt, respectively. It is
believed that the high ECSA helps to improve the electrochemical activity of the catalyst.

The electrochemical catalytic activity of the as prepared catalysts toward the methanol oxidation
was evaluated by cyclic voltammetric experiments were tested in the solution of 0.5 M CH3OH in
0.5 M H2SO4.

Figure 3 compares the electrochemical catalytic activities of Pt/G-NT, Pt/G-T and Pt/G. For the
forward scan, the current (If) increased sharply attributed to the dehydrogenation of methanol and the
following oxidation of the absorbed methanol on the electrode sites. The backward peak current (Ib) is
related to the subsequent oxidation of the incompletely oxidized products during the forward scan.
The ratio of the forward to backward peak current can be used to describe the tolerance of catalyst to
the carbonaceous species accumulation [29,30]. As seen in the figure, the ratio of If/Ib for Pt/G-NT
is slightly higher than those of Pt/G-T and Pt/G, suggesting that Pt/G-NT exhibits slightly better
poisoning tolerance than Pt/G and Pt/G-T.

As seen from Figure 3A, the peak current of Pt/G-NT electrode was 446.8 mA/mg¨ Pt during the
forward potential scanning process, which is much larger than those that for Pt/G-T and Pt/G (~360
and 240 mA/mg¨ Pt, respectively). Furthermore, the onset potential (where the forward peak current
density begins to increase sharply in the CV curve) for Pt/G-NT electrode is also clearly lower than
those of Pt/G-T and Pt/G, consistent with a previous report on the introduction of TiO2 to Pt based
catalyst [31]. Therefore, the performance of Pt/G-NT for the methanol electrochemical oxidation can
be considered superior to that of Pt/G or Pt/G-T. As predicted by XPS, the presence of tetravalent
titanium oxide is able to enhance dispersion of the wetting process due to the rich active –OH species,
enlarging the electrode–electrolyte interfacial area and increasing the concentration of methanol
confined around Pt catalyst [16,32–35]. Furthermore, the improved electrochemical performance is
attributed to the N-doping effect on graphene nanosheets, because the nitrogen doping can intrinsically
regulate the properties of carbon materials in modifying the electronic and chemical properties due to
its comparable atomic size and five valence electrons available [36–38]. In addition, graphene sheets
prepared via GO in the catalysts as an ideal support carrier can provide high surface area, anchor sites
to Pt attributed to oxygen-containing groups as well as the high electronic conductivity. Furthermore,
the homogeneous dispersion of Pt particles with nano sizes on the 2D graphene nanosheets can
maximize the utilization of Pt.

The catalytic stability of the Pt/G, Pt/G-T and Pt/G-NT were examined using chronoamperometry.
Figure 3C showed the chronoamperometric curves of 0.5 M CH3OH in 0.5 M H2SO4 solution for
these catalyst electrodes at a fixed potential of 0.50 V for 2000 s. It can be clearly observed that the
potentiostatic current decreased rapidly at the initial stage for these three electrodes, which might
be due to the formation of intermediate species, such as COads, CHOads, etc., during the methanol
oxidation reaction [39]. It is obvious that Pt/G-NT retains the highest current density among these
samples during the whole testing time, indicating that the electrocatalytic stability of the Pt/G-NT
catalyst for the methanol oxidation was also higher than that of Pt/G-T or Pt/G. The doping of
nitrogen into graphene will enhance the electrochemical performance of graphene. The improved
electrochemical performance for Pt/G-NT can be attributed to the remaining TiO2 and the nitrogen
doping of graphene nanosheets.

3. Experimental Section

3.1. Method

Reagent grade chemicals were analytical purity unless otherwise stated. Graphene oxide (GO)
was synthesized from graphite powder based on the modified Hummers method as described
elsewhere [40]. Titanium hydrogen oxide nanotubes were prepared by hydrothermal method according
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to previous report [41,42]. To prepare N-doped TiO2 nanotubes, as-prepared titanium hydrogen oxide
nanotubes were heated in the presence of urea (TiO2: Urea, 1:3 mass ratio) at 500 ˝C for 2 h under
Ar atmosphere, yielding yellow powder. The as-prepared product was washed with deionized (DI)
water and dried at 100 ˝C overnight. For comparison, undoped TiO2 nanotubes were prepared with
the similar condition except that no urea was added during heat treatment, yielding white powder.

To prepare N-doped graphene/Pt nanocomposites, GO (80 mg) and N-doped TiO2 (2 mg) were
dispersed in ethylene glycol (EG) (150 mL) and ultrasonic treated for 2 h to form the uniform dispersion
solution. Chloroplatinic acid solution (H2PtCl6¨ 6H2O, 5 wt % aqueous solution, 15 mL) was added
to the dispersion. The pH of the mixture was adjusted to ~13 by NaOH aqueous solution. NaBH4

(100 mg) was slowly added to the dispersion solution. The dispersion was heated at 140 ˝C for 4 h
under magnetic stirring with Ar bubbling. The mixture was then filtered, washed with DI water and
ethanol and then freeze-dried overnight, yielding black product, denoted as Pt/G-NT. Pt/graphene
nanocomposites with the same Pt loading were prepared with the same procedure except undoped TiO2

nanotubes were added, and the final product was denoted as Pt/G-T. For comparison, Pt/graphene
with no TiO2 added was also prepared via the same procedure, denoted as Pt/G. The loading of Pt for
all catalysts is ~40 wt %.

3.2. Characterization

The powder X-ray diffraction (XRD) measurements of the samples were recorded on a Bruker
D8-Advance X-ray powder diffractometer (Karlsruhe, Germany) using Cu Kα radiation (λ = 1.5406 Å)
with scattering angles (2θ) of 10˝–80˝. A JEOL JEM 2010 transition electronic microscopy (Tokyo,
Japan) was used for transmission electron microscopy (TEM) analysis and high-resolution transmission
electron microscopy (HRTEM) analysis. The Brunauer–Emmett–Teller (BET) specific surface area
was calculated from N2 adsorption/desorption isotherms which were obtained by a gas adsorption
analyzer (ASAP 2020, Micromeritics Instrument Co. Norcross, GA, USA) at 77 K. X-ray photoelectron
spectroscopy (XPS) was carried out on ESCALAB 250XI (Waltham, MA, USA) and the binding energy
is calibrated with C 1s = 284.8 eV.

3.3. Electrochemical Measurements

Electrochemical measurements were performed on a Princeton P4000 electrochemical working
station (Oak Ridge, TN, USA) with a standard three-electrode electrochemical cell. The catalyst
electrodes were prepared as follows: 1.0 mg catalyst in 1.0 mL ethanol with Nafion solution was
ultrasonicated for 30 min. Then, 5 μL of this suspension was transferred onto a glassy carbon electrode
(GC, 3 mm diameter), dried overnight, and used as the working electrode. An Ag/AgCl (saturated
(sat.) KCl) electrode was used as the reference and a platinum foil was used as the counter electrode.

4. Conclusions

In conclusion, a Pt/graphene nanocomposites catalyst with improved electrochemical
performance has been prepared via a facile solution synthesis procedure. The electrochemical
experiment proved that the addition of N-doped TiO2 nanotubes is able to significantly improve
the catalytic performance of Pt/graphene composites. The peak current of Pt/G-NT was nearly twice
that of unmodified Pt/G catalysts. The stability of N-doped TiO2 modified catalyst was also much
improved compared to unmodified Pt/graphene catalyst, indicating the N-doped TiO2 nanotube is a
very effective additive to modify the electrochemical performance of a Pt-based catalyst.
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Abstract: The electrocatalytic activities of the MnO2/C composites are examined in Li-O2 cells as
the cathode catalysts. Hierarchically mesoporous carbon-supported manganese oxide (MnO2/C)
composites are prepared using a combination of soft template and hydrothermal methods.
The composites are characterized by X-ray powder diffraction, scanning electron microscopy,
transmission electron microscopy, small angle X-ray scattering, The Brunauer–Emmett–Teller (BET)
measurements, galvanostatic charge-discharge methods, and rotating ring-disk electrode (RRDE)
measurements. The electrochemical tests indicate that the MnO2/C composites have excellent
catalytic activity towards oxygen reduction reactions (ORRs) due to the larger surface area of ordered
mesoporous carbon and higher catalytic activity of MnO2. The O2 solubility, diffusion rates of O2

and O2
‚´ coefficients (DO2 and DO´

2
), the rate constant (k f ) for producing O2

‚´, and the propylene
carbonate (PC)-electrolyte decomposition rate constant (k) of the MnO2/C material were measured
by RRDE experiments in the 0.1 M TBAPF6/PC electrolyte. The values of k f and k for MnO2/C are
4.29 ˆ 10´2 cm¨ s´1 and 2.6 s´1, respectively. The results indicate that the MnO2/C cathode catalyst
has higher electrocatalytic activity for the first step of ORR to produce O2

‚´ and achieves a faster
PC-electrolyte decomposition rate.

Keywords: MnO2/C; cathode; lithium-oxygen battery; rotating ring-disk electrode

1. Introduction

Energy storage devices with high energy and power densities are being developed for use as
power sources for electric vehicles (EV) and hybrid electric vehicles (HEV) [1–3]. Over the past
few decades, the vast majority of relevant research has focused on upgrading the performance of
conventional lithium-ion batteries for EV or HEV applications; however, their energy densities and
specific charge capacities still fail to satisfy commercial requirements such as long-range driving,
low cost, and fast charging [1,2,4]. In recent years, rechargeable nonaqueous Li-air batteries have
attracted much interest owing to their low cost, environmental friendliness, and high theoretical energy
density (~3500 Wh¨ kg´1), which is nearly equivalent to a nine-fold increase over conventional Li-ion
batteries (~400 Wh¨ kg´1) [4–7]. Despite these favorable characteristics, their practical applications are
still hampered by several serious challenges including limited rate capability, poor cycling stability
due to the instability of the electrode and electrolyte, and low round-trip efficiency induced by the
rather large polarization, resulting in a wide charge–discharge voltage gap [3,8–15]. These critical
problems are highly attributable to the O2 cathode.

A typical rechargeable Li-O2 battery is constituted by a porous oxygen diffusion cathode, a lithium
metal anode, and an Li+-conducting electrolyte. In general, the O2 cathode is an oxygen catalyst loaded
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with porous carbon material, which enables both Li2O2 deposition (oxygen reduction reactions, ORRs)
and decomposition (oxygen evolution reactions, OERs) reactions to occur upon battery discharge
and charge, respectively. Many reports [1,4–6,8,9,11,15–18] have pointed out that the electrochemical
performance of Li-O2 batteries depends on many factors such as: the nature and microstructure of the
O2 electrode, electrolyte formula (especially, the composition of solvent), O2 partial pressure, possible
presence of reactive contaminants (e.g., trace water), and the choice of catalysts. In order to enhance
the properties of rechargeable Li-O2 batteries, several strategies have been followed over the years to
explore the electrolyte formula, choice, and microstructure design of the O2 electrode and optimization
of the operating parameters [1,3,5,8–11].

Carbon materials with various nanostructures have been developed and used as O2 cathodes
in Li-O2 batteries [4,6,10,19]. It has been well demonstrated that the performance of Li-O2 batteries
is related to the properties of carbon, such as the morphology, surface area, porous structure, and
conductivity [6,9,20]. The design of porous carbon cathodes requires larger intraparticulate voids and
open frameworks in their architecture structure to accommodate the insoluble discharge products.
These voids and frameworks should help improve discharge capacity and cycling performance [19–21].
Obviously, designing an optimum pore structure for carbon materials can effectively improve
the electrochemical performance of Li-O2 batteries. Although various porous carbon structures
have been explored, some studies have demonstrated that hierarchically porous honeycomb-like
carbon cathodes with mesoporous/macroporous pore size can increase the specific capacity of Li-O2

batteries [4–6,15,19–26]. Moreover, it is well known that an ideal cathode catalyst can facilitate the
complete reversibility of ORRs and OERs with low polarization in Li-O2 batteries [21]. Several potential
catalysts have recently been proposed to promote ORRs and OERs, including nitrogen-doped carbon,
metal oxides, metal nitrides, precious and nonprecious metals, etc. [1,3,8,13,15,19,27–29]. Among metal
oxides, MnO2 is a catalyst material of great interest because of its low cost, environmental friendliness,
abundance, and electrocatalytic activity for ORRs in Li-O2 batteries [13,28,30–32]. This study of Li-O2

batteries focuses on MnO2-based catalysts.
In the first part of this work, we created a hierarchically mesoporous carbon-supported

β-manganese oxide (MnO2/C) as an O2 cathode material. We present a detailed study of the Li-O2

electrochemistry of the MnO2/C material using an electrolyte of 1 M LiPF6 in a propylene carbonate
(PC, which was used in many of the initial works on Li-O2 batteries) solvent. Although there have
been many studies of MnO2/C materials for Li-O2 battery applications, few studies have examined the
poor stability of the electrolyte due to its reaction with the superoxide radical (O2

‚´) produced upon
the discharge at the MnO2/C electrode. In this work, the stability of the electrolyte against the O2

‚´ of
the MnO2/C electrode was first explored by the RRDE technique. The RRDE was developed about
50 years ago and has been verified to be a powerful tool for the study of electrochemical reactions.
RRDE consists of two concentric electrodes (disk and ring electrodes) in a cylindrical holder with
both of the electrodes facing downward into the solution. Products generated at the disk reaction are
swept outward by the convection caused by rotation, and can be detected electrochemically at the
ring by fixing the potential on the ring electrode. In this study, a disk electrode coated with MnO2/C
materials and a Pt ring electrode was fixed at an O2

‚´/O2 oxidation potential to collect the O2
‚´ ions

in electrolytes. Therefore, in the second part, we emphasize aspects of the PC-based electrolyte reaction
against O2

‚´ and the related kinetic information of O2
‚´ in the MnO2/C electrode by studying

rotating ring disk electrode (RRDE) experiments and using a lithium-free non-aqueous electrolyte due
to the stability of the intermediate O2

‚´. In addition, the oxygen solubility in the electrolyte and the
oxygen diffusion velocity throughout the whole O2 electrode play key roles in determining battery
performance, especially at high current densities [33]. In this work, the O2 solubility, diffusion rates of
O2 and superoxide radical (O2

‚´) coefficients (DO2 and DO´
2

), rate constant (k f ) for producing O2
‚´,

and PC-electrolyte decomposition rate constant (k) of the MnO2/C electrode were quantified.
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2. Experimental Methods

MnO2/C composites were prepared by supramolecular self-assembly methods followed by
a hydrothermal process. A modification of the mesoporous metal oxides and carbon nanocomposites
procedure of Huang et al. [34] was applied to synthesize the MnO2/C composites. The first step
was to synthesize a 20 wt. % resol ethanolic solution according to an established method [34,35].
A solution was prepared by dissolving 1.5 g of triblock copolymer Pluronic F127 (OH(CH2CH2O)n-
(CH2CH(CH3)O)m-(CH2CH2O)nH, EO106PO70EO106, Sigma Aldrich, St. Louis, MO, USA) in 10 g of
anhydrous ethanol, then 5 g 20 wt. % resol ethanolic solution and 0.28 g MnCl2¨ 4H2O (J.T. Baker, 99.8%)
were added into the above solution slowly under stirring for 30 min at an ambient temperature. The
homogeneous mixture was then transferred into a Petri dish at an ambient temperature for 24 h. After
being dried, the films were heated at 100 ˝C for another 24 h to form orange transparent membranes.
The as-made products were scraped from the Petri dish and ground into powders and then calcinated
at 400 ˝C for 5 h under an Ar atmosphere with a heating rate of 1 ˝C¨ min´1 to yield Mn/C powders.
To obtain MnO2/C composites, the as-prepared Mn/C powders were subjected to a hydrothermal
process at 180 ˝C for 12 h with 0.22 g KMnO4 (J.T. Baker) and 30 mL of deionized water in a Teflon-lined
stainless steel autoclave.

A Rigaku-D/MaX-2550 diffractometer (Rigaku, Tokyo, Japan) with Cu Kα radiation (λ = 1.54 Å)
was used to obtain X-ray diffraction (XRD) patterns for the samples. Small angle X-ray scattering (SAXS)
measurements were taken on a Nanostar U small-angle X-ray scattering system (Bruker, Karlsruhe,
Germany) using Cu Kα radiation (40 kV, 35 mA). The morphology of the sample was observed using
a scanning electron microscope (SEM, Hitachi S-3400 (Hitachi Limited, Tokyo, Japan)) and transmission
electron microscope (TEM, JEOL JEM-3010 (JEOL, Tokyo, Japan)). Selected area electron diffraction
(SAED) was applied to examine samples’ crystallinity. The Brunauer–Emmett–Teller (BET) method was
used to measure the specific surface area of the powders (ASAP2020). The residual carbon content of
the samples was measured by an automatic elemental analyzer (EA, Elementar vario, EL III (Elementar
Analysensysteme GmbH, Hanau, Germany)).

For electrochemical evaluation, the MnO2/C electrodes were prepared by wet coating, and were
made from as-prepared MnO2/C composites with super P and a poly(vinylidene difluoride) (PVDF)
binder (MKB-212C, Atofina, Serquigny, France) in a weight ratio of 64:16:20. The MnO2/C composites
and super-P were first added to a solution of PVDF in N-methyl-2-pyrrolidone (NMP, Riedel-deHaen,
Seelze, Germany). To make a slurry with an appropriate viscosity, the mixture was stirred for 20 min at
room temperature using a magnetic bar, and then for 5 min using a turbine at 2000 rpm. The resulting
slurry was coated onto a piece of separator (Celgard 2400, Charlotte, NC, USA) and dried at 60 ˝C
under vacuum for 12 h. The coating had a thickness of ~100 μm with an active material mass loading
of 8 ˘ 1 mg¨ cm´2. The quantity of active materials on the electrodes was kept constant. Electrodes
were dried overnight at 100 ˝C under a vacuum before being transferred into an argon-filled glove box
for cell assembly. The Li-O2 test cell (EQ-STC-LI-AIR, MTI Corporation, Richmond, CA, USA) was
constructed with lithium metal as the negative electrode and the MnO2/C electrode as the positive
electrode. A solution of 1 M LiPF6 in a PC solvent was used as the electrolyte in all cells. After assembly,
the test cell was taken away from the Ar-filled glove box and attached to a gas pipe that was constantly
purged with dry O2. Electrochemical tests were carried out after the cell was flushed with O2 for
6 h. The cells were cycled galvanostatically with a BAT-750B (Acu Tech System, Taipei, Taiwan) at a
constant current of 100 mA/g with a voltage region of 2.0–4.3 V vs. Li/Li+ at room temperature.

For the RRDE experiments, the RRDE system (AFMT134DCPTT, Pine Research Instrumention,
Durham, NC, USA) with interchangeable disk consisted of a 5 mm diameter glassy carbon electrode and
a Pt ring electrode (1 mm width) with a 0.5 mm gap between them. The collection efficiency with this
geometry is 0.24. The rotating ring-disk assembly was operated on a Pine AFMSRX rotator and CH705
Bipotentiostat (CH Instruments, Austin, TX, USA) with a computerized interface. Experiments were
conducted using a three-electrode cell containing 10 mL of the electrolyte of interest and assembled
in a dry Ar-filled AtmosBag (Sigma-Aldrich Z108450, St. Louis, MO, USA). Figure 1 shows the
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schematic of a four-neck, jacketed glass cell with the RRDE system. The counter electrode was a Li foil
connected to a Ni wire, which was isolated by a layer of Celgard 2400 separator to prevent convective
oxygen transport to the electrode. The Ag/Ag+ reference electrode consisted of an Ag wire immersed
into 0.1 M AgNO3 in CH3CN and sealed with a vycor frit at its tip. All potentials in this study
were referenced to the Li/Li+ potential scale (volts vs. Li+/Li or VLi+), obtained by calibration of
the reference electrode against a fresh lithium wire before the experiments (0 VLi = ´3.46 ˘ 0.01 V
vs. Ag/Ag+). The working electrode consisted of a catalyst-covered glassy carbon disk and was
immersed into the Ar or O2-purged electrolyte for 30 min before each experiment. Prior to the RRDE
measurements, Alternating current (AC) impedance measurements were carried out to determine
the uncompensated ohmic electrolyte drop between working and reference electrodes by applying
a 10 mV perturbation (0.1 MHz to 10 mHz) at the open circuit. IR (drop) correction to remove ohmic
losses was performed by considering a total cell resistance of ~293 Ω measured by AC impedance.
The capacitive-corrected ORR currents were calculated by subtracting the current measurement under
Ar from that obtained in pure O2 under identical scan rates, rotation speeds, and catalyst loadings.

Figure 1. Schematic of a four-neck, jacketed glass cell with a rotating ring-disk electrode (RRDE) system.

3. Results and Discussion

The phase composition and structure of the prepared MnO2/C composites were examined by
the wide-angle XRD and SAXS patterns given in Figure 2a,b. As shown in Figure 2a, all peaks can be
identified as a pure and well-crystallized β-MnO2 phase (JCPDS 24-0735) with an ordered tetragonal
structure indexed to the P42/mnm space group. Moreover, the XRD curves did not show any evidence
of the formation of crystalline or amorphous carbon. It appears that when using resol/Pluronic
F127 templates as a carbon source, the final product is most likely to remain amorphous or in a low
crystalline carbon state. The appearance of the scattering peak in the SAXS pattern, as shown in
Figure 2b, indicates the long-range regularity and highly ordered nature of the mesoporous structures
of the prepared MnO2/C composite.

The morphology of the prepared MnO2/C composite was observed using SEM and TEM,
as shown in Figure 3a–f. From the SEM images of the MnO2/C composite (Figure 3a,b), it is clear that
the oriented tetragonal MnO2 nanorods are arranged on the surface of the carbon matrix. The prepared
β-MnO2 nanorods, typically 2–3 μm in length, have a square cross-section with an edge length in
the range of 200–300 nm. Figure 3c,d show the TEM images of the MnO2/C composite at different
magnifications. Large domains of highly ordered stripe-like 1D channels are clearly observed. Figure 3e
displays a TEM image of a typical nanorod with a smooth surface, and a SAED pattern based on a
single nanorod (Figure 3f), indicating single-crystalline nature. The SEM and TEM analysis suggest
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that hollow MnO2 nanorods grow homogeneously on the ordered mesoporous carbon frameworks to
form the structure of the hierarchically mesoporous MnO2/C composite.

Figure 2. (a) Wide-angle X-ray diffraction (XRD) patterns; (b) small angle X-ray scattering (SAXS)
patterns of MnO2/C composites.

 

Figure 3. Scanning electron microscope (SEM) images (a) MnO2/C composites; (b) high magnification
of the region marked with a square in (a); and transmission electron microscope (TEM) images (c,e)
MnO2/C composites; (d) high magnification of the region marked with a square in (c); and (f) selected
area electron diffraction (SAED) pattern of the region marked with a square in (e).
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The pore structure of the mesoporous MnO2/C composite was determined by nitrogen
adsorption-desorption isothermal measurements. As shown in Figure 4, the adsorption isothermal
curve of the MnO2/C composite has a well-defined step as in typical IV classification with a H1-type
hysteretic loop in the p/po range of 0.40–1.0, indicating mesoporous material character. These findings
suggest that the MnO2/C composite sample does not contain framework-confined pores but is rather
made up of individual nanorods. This is in agreement with the results from the SEM and TEM images.
The Barrett–Joyner–Halenda (BJH) pore size distribution for the mesoporous MnO2/C composite,
shown in the insert of Figure 4, reveals peaks centering at 4.8 and 35 nm. This result confirms that
most of the pore channels in the ordered mesoporous carbon are not blocked by the loading of MnO2

nanorods. The nanoarchitecture of ordered mesoporous channels is maintained, which is desirable
for the O2 electrode in Li-O2 batteries. Moreover, the measured BET surface area of the MnO2/C
composite is relatively high, at about 424 m2¨ g´1. The hierarchical microstructure of the MnO2/C
composite results in a large specific surface area. This is important for enhancing the electrochemical
properties of an O2 cathode material.

Figure 4. Nitrogen sorption isotherms of MnO2/C composites. The insert is the Barrett–Joyner–Halenda
(BJH) desorption pore size distribution.

MnO2 has been known as a highly active ORR catalyst for some time [30,32,36] and has recently
been applied as an O2 cathode catalyst in Li-O2 batteries. Due to the studies of the electrocatalytic
activity of MnO2, the following discussions regarding electrochemical tests make comparisons between
Super-P carbon (SP) and MnO2/C materials. To better study the catalytic activity of the electrodes,
cyclic voltammetry (CV) and charge-discharge voltage measurements were carried out. At first, CV was
carried out in the Ar-purged electrolyte and subsequently in the same solution saturated with O2. The
capacitively-corrected CV curves derived from both measurements are shown in Figure 5a. The CV
plots of the O2 electrodes prepared from MnO2/C and SP cycled between 1.5 and 4.5 V with 2 mV¨ s´1

and the O2-saturated 1 M LiPF6/PC electrolyte are shown in Figure 5a. From the CV curves, the
reduction peak voltage is shifted toward positive voltage, exhibiting electrocatalytic activity in the
ORR of both samples. However, the MnO2/C offers more positive onset reduction peak potential and
a larger peak current, which clearly indicate the superior electrocatalytic activity of MnO2/C compared
to SP. Furthermore, the onset oxidation peaks appearing in the CV curves are about 2.7 and 2.9 V for
MnO2/C and SP, respectively. This demonstrates that MnO2/C, with its lower onset oxidation peak,
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is more efficient for Li2O2 decomposition and has higher catalytic activity for the OER. The initial
charge–discharge voltage profiles for both samples are shown in Figure 5b. The charge–discharge
profiles of the MnO2/C electrode exhibit much lower charge overpotential than do those of the
SP electrode, although the reduction of the total overpotential is only about 25%. The round-trip
efficiencies of the Li-O2 batteries with a MnO2/C electrode were lower than those with the SP electrode.
These results indicate that the MnO2/C composite can facilitate the complete reversibility of ORR
and OER with low polarization for a Li-O2 battery. This finding is in good agreement with the CV
measurement. The initial discharge capacities of the MnO2/C and SP electrodes were 612 mAh¨ g´1

and 589 mAh¨ g´1, respectively. The good electrochemical performance of the MnO2/C electrode may
be due to the hierarchical mesostructure and large specific surface area, and the catalytic activity of the
MnO2/C composite.

Figure 5. (a) CV curves were recorded at a scanning rate of 2 mV¨ s´1 for MnO2/C and Super-P carbon
samples; (b) initial charge–discharge profiles for MnO2/C and Super P samples at a current density of
0.2 mA¨ cm´2.

The rotating ring disk electrode (RRDE) technique was also used to investigate the kinetics of ORR
since the ORR current is strongly relevant to hydrodynamic conditions [31]. Here, we used a glassy
carbon (GC) electrode and an as-prepared MnO2/C composite coated on the GC (MnO2/C-GC)
electrode as the working electrodes to study the stability of the electrolyte at the MnO2/C electrode.
Many reports [1,5,9] have shown the O2

‚´ produced in the first step of the ORR upon battery discharge:

O2 ` e´ k fÑ O2
‚´ (1)

The reaction between the O2
‚´ and the electrolyte is the critical problem that causes poor Li-O2

battery cyclability. In the PC-based electrolyte, the ethereal carbon atom in PC suffers from nucleophilic
attacks by O2

‚´, yielding carbonate, acetate, and formate species (among others), according to
Equation (2) [37,38]:

PC ` O2
‚´ kÑ CO3

2´, HCOO´, CH3COO´ (2)

Here, we applied rotating disk electrode (RDE) voltammetry to measure the rate constant (k f )
when reducing O2 to O2

‚´ for Equation (1) in the 0.1 M TBAPF6/PC electrolyte. The reaction rate
constant, k f , can be evaluated via the Koutecky–Levich (K–L) equation for a first-order reaction as
follows [31]:

1
i

“ 1
ik

` 1
id

(3)

ik “ nFk f CO2 (4)

id “ 0.62nFDO2
2{3ν´1{6CO2ω

1{2 (5)
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where ik and id represent kinetics and diffusion limiting current density (A¨ m´2), respectively;
n is the number of electrons exchanged in the electrochemical reaction; F is Faraday’s constant
(96,485 C¨ mol´1); k f is the rate constant for Equation (1); DO2 is the diffusion coefficient of O2 in
the solution; ν is the kinematic viscosity; ω is the angular frequency of the rotation; and CO2 is the
saturation concentration of O2 in the solution. Additionally, knowing the values of ν and DO2 for an
electrolyte, one can obtain the concentration of oxygen (CO2 ) and rate constant (k f ) for Equation (1) by
linearly fitting the K-L plots of i´1 vs. ω´0.5, as follows

1
i

“ 1
ik

` 1

0.62nFD2{3
O2

ν´1{6CO2ω
1{2

(6)

Prior to estimating the value of k f from the K–L equation, the kinematic viscosity (ν) of the
electrolyte and the diffusion coefficients of O2 and O2

‚´ (DO2 and DO´
2

), need to be quantified.

The value of ν for PC with 0.1 M TBAPF6 is 2.59 ˆ 10´2 cm2¨ s´1 at 25 ˝C (ρ = 1.2 g¨ mL´1 and
η = 3.13 mPa¨ s) and was measured by a Rheometer (Malvern Gemini, Malvern Instruments Ltd.,
Malvern, UK). For a known viscosity, the diffusion coefficients can be directly determined from the
transit-time (Ts) measurement by the RRDE technique, as reported previously [37,39]. Figure 6a shows
an example of Ts measurement in O2-saturated solutions of 0.1 M TBAPF6 in PC at ω = 100 rpm; Ts,
the origin of which is taken at time = 2 s (the time at which the disk is conducted cathodic potential
at 1.85 VLi), is measured graphically from the intercept of the base steady ring current and the fast
attenuate ring current line. Figure 6b,c show measurements of steady ring currents at the rotation rates
(ω) of different electrodes, yielding Ts values for O2 and O2

‚´. Then, the obtained Ts is related to the
ω and the ratio of ν and the diffusion coefficient (D), according to Equation (7) [37,39]:

Ts “ K
´ ν

D

¯1{3
ω´1 (7)

where K is proportionally constant depending on the RRDE’s geometry; K = 43.1[log(r2/r1)]2/3 (for Ts,
reported in s and ω in rpm). For the RRDE used here, with r1 = 0.25 cm and r2 = 0.325 cm, the value
of K is 10.1 rpm¨ s. Table 1 shows the estimated values of the diffusion coefficients of O2 and O2

‚´
calculated from Equation (7) based on the slopes of Ts vs. ω´1 obtained from Figure 6d. Figure 7a
shows that well-defined O2 diffusion-limited currents are obtained for the ORR on a GC electrode in an
O2-saturated 0.1 M TBAPF6/PC solution. The K–L plot for the disk current values at 1.50 VLi reveals
the expected linear relation between the inverse of the limiting current and ω´0.5 (see Equation (6)).
As shown in Table 1, the concentration of oxygen (CO2 ) on the GC electrode was estimated from
the slope of the K–L plot using the prior measured values of ν and DO2 , where n = 1 (according
to the reaction of Equation (1)). The value of CO2 is 6.1 M, which is higher than the finding of a
previous report (4.8 M) [37]. This can be attributed to the larger O2 flow rate in this experiment. The
estimated value of CO2 was also applied in the following calculations of the MnO2/C-GC electrode
since the same operation parameters (i.e., O2 flow rate, electrolyte composition, and amount) were
used, as listed in Table 1. The rate constant for producing O2

‚´, k f for GC and the MnO2/C-GC
electrodes can be obtained by linearly fitting the K–L plots of i´1 vs. ω´0.5 (see Equation (6)), as shown
in Figure 7a,b. The values of k f for GC and the MnO2/C-GC electrodes are 1.92 ˆ 10´2 cm¨ s´1 and
4.29 ˆ 10´2 cm¨ s´1, respectively. This result indicates that the MnO2/C cathode catalyst exhibits
a larger k f value, resulting from higher electrocatalytic activity for the first step of the ORR (see
Equation (1)) which produces a higher concentration of O2

‚´.
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Figure 6. (a) Example of determination of the superoxide radical (O2
‚´) transit-time (Ts) in

O2-saturated solutions of 0.1 M TBAPF6 in propylene carbonate (PC) at ω = 100 rpm, Edisk = 1.85 V and
Ering = 2.6 V. Transit time (Ts) values at different rotation rates for the diffusion of (b) O2 and (c) O2

‚´;
(d) relation between the inverse of the rotation speed and the transient time for O2 and O2

‚´.

Table 1. Summary of the electrolyte properties estimated with the proposed RRDE-based methodology
and comparison with findings reported in the literature.

Disk Material/Electrolyte
ν

(cm2¨ s´1)
DO2

(cm2¨ s´1)

DO´
2

(cm2¨ s´1)

CO2

(mM)
Reference

GC/0.1 M TBAPF6, PC 2.6 ˆ 10´2 1.9 ˆ 10´5 8.6 ˆ 10´6 6.1 This work
MnO2/C-GC/0.1 M TBAPF6, PC 2.6 ˆ 10´2 1.9 ˆ 10´5 1.8 ˆ 10´6 6.1 This work

GC/0.2M TBATFSI, PC 2.6 ˆ 10´2 2.5 ˆ 10´5 6.8 ˆ 10´6 4.8 [37]

Figure 7. (a) Steady-state CV curves of a glassy carbon rotating disk electrode (RDE) in an O2-saturated
0.1 M TBAPF6/PC solution at a scan rate of 50 mV/s between 1.5 and 2.8 VLi with different rotation rates.
The insert is the Koutecky–Levich plot derived from the disc current values at 1.50 VLi; (b) steady-state
CV curves of a MnO2/C RDE in an O2-saturated 0.1 M TBAPF6/PC solution at a scan rate of 50 mV/s
between 1.2 and 2.8 VLi with different rotation rates.
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Recently, Herranz et al. [37] used RRDE voltammetry to quantify the stability of an electrolyte
against O2

‚´ by the rate constant (k) for Equation (2) According to their methods, the O2
‚´ produced

at the disk electrode in Equation (1) and the amount of O2
‚´ were quantified at the ring electrode.

The amount of O2
‚´ consumed depends on the effective transient time, Ts, between the disk and

the ring and the rate constant, k, for Equation (2). Longer Ts and larger k values cause increasing
consumption of O2

‚´ due to its reaction with the electrolyte, resulting in a lower O2
‚´ oxidation

current at the ring. Therefore, the collection efficiency, Nk, for O2
‚´ at the ring electrode decreases

with increasing transient time, which, in turn, depends on the geometry of ring and disk electrode, the
diffusion coefficient of O2

‚´ in the electrolyte, DO´
2

, and the electrode rotation speed, ω. The correlation
with the collection efficiency is the absolute ratio of ring and disk currents and can be characterized by
the following equation [37,40]:

Nk “ ´ iring

idisk
“ Ngeometrical ´ β

2
3

´
1 ´ UA´1

1

¯
` 1

2
A´1

1 A2
2κ2Uβ

4
3 ´ 2A2κ2T2 (8)

where A1 = 1.288, A2 = 0.643 ν1/6 DO´
2

1/3, β = 3ln(r3/r2), U = k´1tanh(A1k) and T2 = 0.718ln(r2/r1),
whereby r1–r3 refer to the radius of the disk and internal and external ring radii, respectively; ν is
the kinematic viscosity; ω is the rotation rate; k is the rate constant for Equation (2); and DO´

2
is

the diffusion coefficient of O2
‚´. Ngeometrical is the geometrical collection efficiency of the RRDE

corresponding to the fraction of a species electrochemically generated at the disk. This species is
detected at the ring due to the lack of side-reactions with the electrolyte. Equation (8) shows the
variation of Nk where the rotation rate and the rate constant (k) can be calculated at higher rotation
rates, which show that the Nk is close to a constant value. Figure 8a shows the RRDE profiles of
the MnO2/C sample coating on the disk electrode. The disk and ring currents are recorded in an
O2-saturated 0.1 M TBAPF6/PC solution at rotation rates between 300 and 2100 rpm, with continuous
holding of the Pt ring at 2.85 VLi. The ring current increases with the rotation rates because the shorter
transient time at higher rotation rates reduces the reaction time between O2

‚´ and the PC electrolyte
so that a higher concentration of superoxide radical can be oxidized at the ring. Also, the Nk increases
with rotation rates (ω) and is close to a constant value (0.14) at ω = 2100 rpm, as shown in Figure 8b.
The PC-electrolyte decomposition rate constant (k) can be calculated by Equation (8) using the Nk
value at a rotation speed of 2100 rpm with the kinematic viscosity (ν) and DO´

2
listed in Table 1. Table 2

shows the rate constant for producing O2
‚´, k f , and the PC-electrolyte decomposition rate constant, k,

on the GC and MnO2/C-GC electrodes. The value of k (1.5 s´1) on the GC electrode is close to that
of a previously reported measurement (k = 1.3 s´1) [37]. Obviously, the k value on the MnO2/C-GC
electrode of 2.6 s´1 is larger than that on the GC electrode. This result shows that MnO2/C is more
active for the first step of the ORR (larger rate constant; k f ), producing a higher concentration of
O2

‚´ and leading to faster PC-electrolyte decomposition due to the attack by a large amount of O2
‚´.

Therefore, it is important to choose an appropriate electrolyte to avoid decomposition by O2
‚´ attack

for highly active catalyst applications on the cathode materials in Li-O2 batteries. More detailed RRDE
experiments and analysis will be carried out to estimate the decomposition rates of various electrolytes
with different active catalysts.

Table 2. The rate constant for producing O2
‚´, k f , and the PC-electrolyte decomposition rate constant,

k, on the GC and MnO2/C-GC electrodes.

Disk Material/Electrolyte k f (cm¨ s´1) k (s´1) Reference

GC/0.1 M TBAPF6, PC 1.9 ˆ 10´2 1.5 This work
MnO2/C-GC/0.1 M TBAPF6, PC 4.3 ˆ 10´2 2.6 This work

GC/0.2M TBATFSI, PC 1.3 [37]
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Figure 8. (a) RRDE profiles of MnO2/C recorded at 50 mV¨ s´1 in an O2-saturated 0.1 M TBAPF6/PC
solution, at rotation rates between 300 and 2100 rpm with continuous holding of the Pt ring at 2.85 VLi;
(b) evolution of the absolute ratio between the ring and disk current (Nk) and the electrode rotation
speed (ω).

4. Conclusions

A hierarchically mesoporous carbon-supported manganese oxide (MnO2/C) has been synthesized
by a combination of soft template and hydrothermal methods. SEM and TEM analysis confirmed that
hollow MnO2 nanorods grow homogeneously on ordered mesoporous carbon frameworks to form
a hierarchically mesoporous MnO2/C composite structure. The CV and galvanostatic charge–discharge
tests indicate that MnO2/C composites have excellent catalytic activity towards ORR due to the larger
surface area of ordered mesoporous carbon and higher catalytic activity of MnO2.

The O2 solubility, the diffusion rates of O2 and O2
‚´ coefficients, the rate constant for producing

O2
‚´ (k f ), and the PC-electrolyte decomposition rate constant (k) of the MnO2/C composites have

been measured by RRDE experiments and analysis in the 0.1 M TBAPF6/PC electrolyte. The results
indicate that MnO2/C is more active for the first step of the ORR (larger rate constant; k f ), produces
a higher concentration of O2

‚´, and leads to faster PC-electrolyte decomposition due to the attack by
a large amount of O2

‚´. The stability of the electrolyte is very important when applying an active
catalyst on a cathode material in Li-O2 batteries. More detailed RRDE experiments and analysis will
be carried out to estimate the decomposition rates of various electrolytes. These results seem to be
interesting for the design of advanced Li-O2 batteries with high electrochemical performance.
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Abstract: Here, we report new gas diffusion electrodes (GDEs) prepared by mixing two different
pore size carbonaceous matrices and pure and silver-doped manganese dioxide nanopowders,
used as electrode supports and electrocatalytic materials, respectively. MnO2 nanoparticles are
finely characterized in terms of structural (X-ray powder diffraction (XRPD), energy dispersive
X-ray (EDX)), morphological (SEM, high-angle annular dark field (HAADF)-scanning transmission
electron microscopy (STEM)/TEM), surface (Brunauer Emmet Teller (BET)-Barrett Joyner Halenda
(BJH) method) and electrochemical properties. Two mesoporous carbons, showing diverse surface
areas and pore volume distributions, have been employed. The GDE performances are evaluated by
chronopotentiometric measurements to highlight the effects induced by the adopted materials. The best
combination, hollow core mesoporous shell carbon (HCMSC) with 1.0% Ag-doped hydrothermal MnO2

(M_hydro_1.0%Ag) allows reaching very high specific capacity close to 1400 mAh¨ g´1. Considerably
high charge retention through cycles is also observed, due to the presence of silver as a dopant for the
electrocatalytic MnO2 nanoparticles.

Keywords: manganese dioxide nanoparticles; silver doping; mesoporous carbon; gas diffusion
electrode (GDE); Li-air battery

1. Introduction

Electrochemical power suppliers, capable of storing high quantities of energy, have always been
one of the most challenging topics in electrochemistry. The improvement of their efficiency, especially in
terms of their energy density, could lead to the exploitation of these devices in the automotive industry
and in the correct development of renewable energy sources, giving the possibility to overcome the
discontinuous energy production. Recently, thanks to the exploratory work by Abraham et al. [1], a new
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device (Li-O2 battery) able to give high theoretical energy densities has begun to be investigated. It is a
secondary battery, akin to the familiar metal-air devices, like zinc-air batteries: ((´) Li/non-aqueous
electrolyte/O2 (air) (+)). It is noteworthy to remember that the oxidation of 1 kg of lithium releases
around 12 kWh, a value comparable to the theoretical energy density of gasoline [2].

One of the most challenging features in the cathodic compartment of metal-air batteries is the
composite gas diffusion electrode (GDE), which has to be permeable by oxygen in alternating directions
(discharge/charge reactions). Thus, air-cathode structures and the employed material morphologies
are crucial to assess from both electrochemical [3–5] and morphological/structural [6] techniques.
Moreover, in these systems, current density, electrolyte composition and discharge products (Li2O2 (E =
3.10 V vs. Li+/Li) and the subsequent reduced species Li2O (E = 2.72 V vs. Li+/Li) [7,8]) are important
parameters that can seriously affect the performance of the entire battery [9–11]. In particular, the
air-cathode (the oxygen reduction site) requires a complex combination of electrocatalytic materials,
supports and a current collector in order to optimize the formation of an extended triple contact and
the fast and reversible formation/removal of the cathode reaction products. Recent literature studies
have demonstrated how the specific capacity has a stronger reliance on the pore size distribution of
the cathode material (typically graphitic materials) than a direct correlation with the total surface
areas [12–14]. Meso- and macro-porosity allows insoluble LiO2 and Li2O2 discharge products to
homogeneously fill the pores, whereas micro-pores become quickly top-clogged by solid particles,
determining the fast decay in the active surface area of the material [15,16]. Aiming at obtaining
an optimal response between discharge and charge curves, suitable electrocatalysts have to be
included into the cathode structure, in order to reduce and equalize the overpotentials for the oxygen
reduction/oxidation. Thus, many transition metals and their relative oxides, such as Au, Pt, NiO,
Fe2O3 and Fe3O4 in aprotic media [17] and IrO2-SnO2 mixtures in alkaline protic solvent [18,19], have
been investigated. Moreover, CoFe2O4 and CuO nanoparticles have been also tested giving the best
capacity retention properties [17]. In this context, new approaches have been developed exploiting a
solution-phase catalyst in order to catalyze the Li2O2 decomposition during the charge cycle [20–22].
The most promising material, in terms of performances in both oxygen reduction (discharge) and
evolution (charge) and costs, seems to be manganese dioxide nanoparticles. According to the literature,
MnO2 would ensure capacities comparable to those of platinum, letting higher capacity retention
to be reached [23,24], even in the presence of non-aqueous electrolytes, widely used to prevent
Li decomposition. However, these non-aqueous electrolytes can be affected by electrode surface
potentials, causing a rapid degradation of the electrolyte itself and leading to other discharge products
(lithium alkyl carbonates or simply Li2CO3) [25–27]. The usage of propylene carbonate (PC), and in
general of organic carbonates, is still an open debate and studies on the mechanism and by-product
formation of carbonate solvent degradation in Li/air batteries are going on [27]. To overcome this
problem, aprotic electrolytes (such as DMSO or tetraethylene glycol dimethyl ether (TEGDME)) have
been used lately in Li-O2 batteries [28–30]. However, also these newly-adopted solvents show some
drawbacks, i.e., unwanted reactions leading to the consequent formation of by-products, such as, for
example, Li2CO3 and LiOH [31,32].

In the present research work, the electrocatalytic activity of different hydrothermally-synthesized
MnO2, supported on ad hoc home-made mesoporous carbons, is evaluated using two different lithium-air
cell configurations. Correlations between the physico-chemical characteristics of the materials, employed
to prepare GDEs and the final electrical performances of the cell, are drawn. Moreover, taking into
account all of the shortcomings related to the use of non-aqueous electrolytes [17,33,34], LiClO4 in PC
(a low cost material) has been employed aiming at evaluating the performance of both pure and doped
manganese dioxide-based nanomaterials, as electrocatalysts.
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2. Results and Discussion

2.1. Morphological and Structural Characterization of MnO2 Nanomaterials

MnO2 powders are widely used as cathodic material in batteries [16,17,35]; their electrochemical
reactivity generally depends on morphological (surface area, size and type of pores, particle size)
and structural (crystalline phases, presence of defects (microtwinning and De Wolff disorder) [36,37])
properties. Among the possible MnO2 polymorphs, the γ-form, which consists of an intergrowth
structure of β-pyrolusite and β-ramsdellite [35,37], generally exhibits the highest electrochemical
reactivity [36–38]. The physico-chemical properties of γ-MnO2 vary considerably with synthetic
procedures and experimental conditions [39–41]. Herein, we adopted a hydrothermal route to prepare
pure and Ag-doped samples.

The SEM image of hydrothermal MnO2 (M_hydro) (Figure S1a) shows the micrometric spherical
aggregates (2–5 μm) of MnO2 composed by nanosized tiny sticks, with diameters in the range of 20–50
nm and lengths up to several hundred nanometers (Figure 1a,b). This result is fully in agreement with
what was reported by Benhaddad et al. [38], who synthesized powders consisting of assembled straight
needles characterized by similar average sizes. A further thermal treatment leads to the formation of
bigger aggregates (up to 10 μm), as can be seen in Figure S1b in the case of particles calcined at 500 ˝C.
After the thermal treatment, the elongated shapes are retained (Figure 1c,d), but their morphology
strongly changes: several structural defects appear and the needles, characterized by greater sizes,
become smoother with respect to the bare ones.

The surface area, the total pore volume and the relative diameter of mesopores between 6 and
20 nm are reported in Table 1 for all of the synthesized nanomaterials.

Figure 1. High-angle annular dark field (HAADF)-scanning transmission electron microscopy (STEM)
(on the left) and transmission electron microscope (TEM) (on the right) images of (a,b) hydrothermal
MnO2 (M_hydro), (c,d) M_500 (500 ˝C) and (e,f) M_hydro_1.0%Ag samples.
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Table 1. Specific surface area (SBET), total pore volume (Vtot.pores) and relative percentage of the pore
size with a diameter (d) between 6 and 20 nm for hydrothermal, calcined and doped MnO2 samples.

Sample SBET (m2¨ g´1) Vtot.pores (mL¨ g´1) 6 nm < d < 20 nm

M_hydro 97 0.336 49
M_200 70 0.391 40
M_300 61 0.360 39
M_400 46 0.310 19
M_500 28 0.290 2

M_hydro_0.5%Ag 88 0.325 51
M_hydro_1.0%Ag 75 0.300 50
M_hydro_2.0%Ag 73 0.248 49

The hydrothermal powder (M_hydro) shows the highest surface area (97 m2¨ g´1) and the largest
amount of pores with d < 20 nm, a typical porosity among the nanoneedles making the sticks [38].
The calcination temperature provokes a drastic decrease in the surface area of MnO2 powders, which
is due to the progressive sintering of particles and the collapse of pores, especially for the smallest
ones (see Table 1, fourth column). According to these results, it can be noted that the heating step has
a great effect on the pore size distribution of the synthesized MnO2 powders. In order to elucidate
this effect, Figure 2 shows the pore size distribution for the present samples determined by the Barrett
Joyner Halenda (BJH) method. The average pore size shifts from 10 nm for the hydrothermal sample
to a higher value (around 20–30 nm) for the samples calcined in the range of 200–400 ˝C. At 500 ˝C, a
second population appears (~80 nm) corresponding to pores between sticks observed inside the MnO2

bowls, as already reported in the literature [38].
From the structural point of view, many polymorphs are present in the M_hydro powder.

Notwithstanding the absence of a heating procedure, the sample is well crystallized due to Ostwald
ripening mechanisms of dissolution/precipitation typical of hydrothermal growth. Figure 3 shows
this complex scenario, characterized by the presence of several crystalline phases. All of the reflections
(with the hkl values and the principal relative intensity) of the X-ray diffraction line can be mainly
indexed to four crystallographic polymorphs: (i) γ-MnO2 nsutite (International Centre for Diffraction
Data Powder Diffraction File (ICDD PDF-2) Card No. 14-0644) [36]; (ii) β-MnO2 ramsdellite (ICDD
PDF-2 Card No. 04-0378) [42]; (iii) β-MnO2 pyrolusite (ICDD PDF-2 Card No. 04-0591) [43]; and (iv)
α-MnO2 hollandite (ICDD PDF-2 Card No. 44-0141) [44].

Figure 2. Comparison of the pore size distribution (calculated by the Barrett Joyner Halenda (BJH)
method) of MnO2 powders at increasing calcination temperature.
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Figure 3. X-ray powder diffraction (XRPD) pattern of the M_hydro sample with the most intense
reflections (hkl, intensity) of the main polymorphs (γ-MnO2 nsutite, β-MnO2 ramsdellite (RAM),
β-MnO2 pyrolusite (PYR) and α-MnO2 hollandite).

Figure 4 shows that high calcination temperatures (T > 300 ˝C) lead to an increase of β-pyrolusite
(100% reflection at around 28˝, characterized by a low fraction of defects [38]) content to the detriment
of the more electrochemically-active γ-MnO2 form. At around 28˝, also the α-MnO2 polymorph
could be present (the 310 plane, see Figure 3), but at higher temperatures, small traces are appreciable
(see the peak at 50˝ ascribable only to the 411 reflection of α-MnO2 phase). Finally, at 500 ˝C, a new
phase appears indexed as bixbite Mn2O3 (ICDD PDF-2 Card No. 71-0636) [45]. On the basis of both
structural and morphological results, it can be affirmed that the heating temperature engenders the
transformation of γ-MnO2 to β-pyrolusite and provokes the decrease of the surface area and pore
volume, leading to higher crystallinity of the samples. Thus, for the evaluation of the performances
of the final Li/Air battery, only M_hydro was used for the fabrication of the GDE cathodes. All of
the calcined samples show very poor electrocatalytic activity: particularly, GDE-H-M_200, formed by
hollow core mesoporous shell carbon (HCMSC) and MnO2 calcined at 200 ˝C, gives a specific capacity
less than 1000 mAh¨ g´1 at the first discharge run, which rapidly decreases, within four cycles, to a
value close to zero, losing about 99% of its specific capacity after the first cycle.

Figure 4. XRPD patterns of MnO2 samples calcined at different temperatures. The most
significant reflections for γ-MnO2 nsutite, β-MnO2 pyrolusite, α-MnO2 hollandite and Mn2O3 bixbite
are highlighted.
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Regarding the hydrothermal samples doped with silver ions, three different molar ratio
percentages (0.5%, 1.0%, 2.0%) were adopted. All of the samples show lower surface area and pore
volume with respect to the undoped ones, but the same pore size distribution (Table 1, fourth column).
Furthermore, the addition of Ag leads to phase composition, needles (Figure 1e,f) and an aggregate
size (Figure S1c) comparable to the hydrothermal sample. From structural point of view, the increase
of Ag content does not modify both the crystallinity and the lattice parameters, as shown in Figure
S2, for bare and 1.0% Ag-doped samples (the latter as a representative sample of differently-doped
powders). These effects may be due to a mild modification in the MnO2 lattice parameters, induced by
Ag atoms. Among the dopant concentrations, EDX mapping (Figure S1d) shows that the 1.0% molar
ratio (M_hydro_1.0%Ag) can be considered the best homogeneous dopant distribution in the MnO2

matrix; for this reason, only the latter powder was used in the lithium-air cell prototype.

2.2. Electrochemical Characterization of GDEs

GDEs, listed in Table 2 and prepared using mesoporous carbons (MCC, mesocellular carbon or
HCMSC, hollow core mesoporous shell carbon, as supports) and MnO2 powders (as the electrocatalysts),
were investigated as described in the experimental part. They were tested at least three times in the
same conditions in order to highlight both the reproducibility of the preparation route and the effects of
the macroscopic morphology and of the surface texture on the electrochemical performances.

Table 2. Investigated gas diffusion electrodes (GDEs) with the relevant chemical compositions and
active material loading. H: HCMSC (hollow core mesoporous shell carbon); M: MCC (mesocellular
carbon); V: Vulcan XC72R; PVDF: polyvinylidene fluoride; SAB: Shawinigan Black AB50 carbon.

Name Composition Loading (mg¨ cm´2)

GDE-V PVDF (15%), SAB (20%), Vulcan XC72R (65%) 1.3

GDE-V-Pt PVDF (15%), SAB (20%), 10% Pt-loaded Vulcan XC72R (65%) 1.3

GDE-M PVDF (15%), SAB (20%), MCC (65%) 1.1

GDE-M-M_hydro PVDF (15%), SAB (20%), MCC (45%), M_hydro (20%) 2.2

GDE-H PVDF (15%), SAB (20%), HCMSC (65%) 1.4

GDE-H-M_hydro PVDF (15%), SAB (20%), HCMSC (45%), M_hydro (20%) 1.3

GDE-H-M_hydro_1.0%Ag PVDF (15%), SAB (20%), HCMSC (45%), M_hydro_1.0%Ag (20%) 1.3

Figure 5a compares GDEs composed of the different synthesized mesoporous carbon supports
and the reference one (GDE-V, Curve 1) during the first discharge cycle, using the S-cell configuration
(Figure S3a). The reference support, GDE-V (Figure 5a, Curve 1), shows an inhomogeneous discharge
profile with a plateau at 2.45 V and a very low specific capacity of about 900 mAh¨ g´1, consistent with
the literature data [46]. All of the specific capacities are calculated by dividing the charge amount by
active material weight, that is the sum of carbonaceous support and electrocatalytic nanopowders, when
present. GDE-H (Figure 5a, Curve 2) and GDE-M (Figure 5a, Curve 3), exploiting HCMSC and MCC
carbon matrices, respectively, behave better than either the reference cathodes or the newly-proposed
material, like graphene [47,48]. MCC allows reaching a specific capacity of 1560 mAh¨ g´1, while the
HCMSC-based cathode gives 1150 mAh¨ g´1. This different behavior is related to the pore distribution
characteristics of the material: finer pores, less than 40 Å wide (HCMSC), hinder an easy growth and
accommodation of the discharge products (Li-oxides).
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Figure 5. E vs. Q curves of GDEs by varying the (a) mesoporous carbon matrices and (b) carbonaceous
supports added with MnO2, during the first discharge cycle carried out at 0.34 mA¨ cm´2 in the
Swagelok™-type cell (S-cell). Bold line: reference GDEs (GDE-V, Curve 1 and GDE-V-Pt, Curve 7).

Thus, the pores become quickly clogged by Li-oxides, shielding the surface suitable for crystals’
nucleation. On the contrary, MCC, with larger pores (310 Å wide), easily accommodates the discharge
products, presenting a larger surface on which nucleation can occur. This has a direct effect on the
charge quantity effectively obtainable, thus proving that pore dimensions affect the specific capacity of
the battery much more than the specific active area [27]. The performances of Li/air battery cathodes
prepared with MnO2 electrocatalytic powder added to a mesoporous carbon support are presented
in Figure 5b, in which the reference cathode, GDE-V-Pt (Curve 7), is also included. The latter one
shows the highest charge density (~2600 mAh¨ g´1) during the first discharge cycle and an efficient
discharge potential of about 2.5 V. This extremely high efficiency is due to the ORR (oxygen reduction
reaction) electrocatalytic behavior of Pt powder supported on Vulcan, which affects also the plateau
discharge potential; the value of 2.5 V vs. Li+/Li is comparable to that already reported in the
literature [49]. However, Pt is known to be a metal that prevents the further reaction of the discharge
products (Li2O and Li2O2), thus inhibiting the cyclability of the entire cell. Actually, in the case
of GDE-V-Pt, a subsequent deactivation together with a dramatic decrease of the specific capacity
after the first cycle occurs. Instead, the addition of the electrocatalytic M_hydro to the mesoporous
carbon support reduces significantly the specific capacity furnished by MCC-based cathodes. Indeed,
comparing GDE-M (Figure 5a, curve 3) and GDE-M-M_hydro (Figure 5b, curve 4), a loss of about
600 mAh¨ g´1 of the specific capacity can be noticed. This effect is probably ascribed to the pore size of
the mesoporous support, which can be partially clogged by the MnO2 powders, hence reducing the
active surface area and concomitantly favoring the accommodation of the products of discharge cycles.
This phenomenon can also explain the lower discharge potential of GDE-M-M_hydro when compared
to GDE-V-Pt (2.4 vs. 2.5 V). On the contrary, M_hydro added to HCMSC based cathodes slightly
increases the specific capacity of the composite electrodes; actually, comparing GDE-H (Figure 5a,
Curve 2) and GDE-H-M_hydro (Figure 5b, Curve 6), an increase of more than 200 mAh¨ g´1 can be
observed. Probably, the presence of mesoporosity in the MnO2 samples, characterized by an order of
magnitude higher than HCMSC distribution, does not allow any occlusion processes. Moreover, the
larger surface area, the morphology of HCMSC and the homogeneous distribution of MnO2 allow a
better electron transfer process, thus making this GDE comparable to GDE-V-Pt, in terms of discharge
potentials (2.5 V). It is worth noting that the addition of MnO2 may catalyze the removal of LiO2
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and Li2O2 from the cathode surface during the charge cycles, thus increasing the durability and the
cathode performances.

Finally, by analyzing the electrocatalytic performances of GDE-H-M_hydro_1.0%Ag (Figure 5b,
Curve 5) and GDE-H (Figure 5a, Curve 2), the former seems not to extremely affect the HCMSC specific
capacity, even if the Q value is 300 mAh¨ g´1 lower than that in the case of pure MnO2 nanopowders.

For cyclability tests, an H-cell with a large volume has been employed in order to avoid electrolyte
limitation due to its possible degradation [28–30]. In Figure 6, the specific capacity of GDE-H-M_hydro
and GDE-H-M_hydro_1.0%Ag during the first five discharge cycles is reported. According to the
literature [50–53], the first cycles contain the key information for a rapid screening of the electrode
materials in terms of cell performances. Indeed, the chemical and morphological modifications of
various composite electrodes [50–52] are comparable, since the limitations connected with the slow
kinetics of the oxygen reactions [53] could be overcome. After the fifth cycle, the specific capacities of
GDEs, prepared using all of the synthesized nanopowders, remain constant for the other five cycles.
Unfortunately, when all of the air cathodes were stressed after ten cycles, the discharge capacity fades.

GDE-H-M_hydro, prepared using HCMSC carbon support with pure MnO2, shows a dramatic
decrease (around 50%) in specific capacity after the second run, highlighting the incomplete recharge
processes by cycling consecutively. Instead, GDE-H-M_hydro_1.0%Ag shows a specific capacity up
to 1400 mAh¨ g´1, remaining above 1100 mAh¨ g´1 for all of the following cycles. Generally, the
increase of specific capacity between the first and the second cycle for both cathodes can be ascribable
to activation processes that allow a better accommodation and an easier removal of the solid discharge
products. In particular, this effect is more evident for GDE-H-M_hydro_1.0%Ag (Figure 6, grey
histograms) due to the presence of Ag dopant in the electrocatalytic powder, which plays an active
role for the battery charge/discharge processes. Indeed, the addition of silver species leads to larger
electrochemically active sites of the working material [54,55] and to transporting the insulating Li
oxide products away from the carbon surface, in order to prevent it from blocking the electron transfer
needed to reduce the O2 [22]. The same behavior is underlined by the discharge/charge curves
(E vs. Q, Figure 7) carried out at 0.34 mA¨ cm´2.

Figure 6. Specific capacity of GDE-H-M_hydro and GDE-H-M_hydro_1.0%Ag during the first five
cycles in the home-made cell (H-cell) (black and grey histograms, respectively).

While GDE-H-M_hydro (Figure 7a) shows a rapid decrease of the specific capacity by cycling,
in GDE-H-M_hydro_1.0%Ag (Figure 7b), a possible synergistic effect of MnO2 and Ag occurs. In the
present case, a stabilization of the discharge and charge curves above 1100 mAh¨ g´1 (from the third
cycle on) for GDE-H-M_hydro_1.0%Ag is evident, as already seen in Figure 6. Moreover, the cut-off
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charge potential value for GDE-H-M_hydro is 4.3 V; at this potential, all of the tested cathodes undergo
a rapid decrease of the performances, probably due to the presence of undesired discharge products.
The other way around, the cut-off charge potential up to 4.5 V without any evidence of cathode
degradation is noteworthy for GDE-H-M_hydro_1.0%Ag, pointing to the capability of Ag-doped
MnO2 electrocatalyst to easily remove the solid discharge products from the GDE pore structure.

These outcomes can be also appreciated looking at Figure 8a,b, in which the X-ray diffraction
lines of GDE-H-M_hydro and GDE-H-M_hydro_1.0%Ag (obtained by subtraction of the respective
patterns before and after five cycles) are reported. In all cases, the signals due to Li2O2 are almost
absent for both GDEs; however, the presence of Li2O (ICDD PDF-2 Card No. 077-2144) for both
GDEs and of Li2CO3 (ICDD PDF-2 Card No. 022-1141), particularly for GDE-H-M_hydro (Figure 8a),
is appreciable. Bruce et al. [26] discussed both the absence of Li2O2 and the presence of insoluble
Li2CO3 coming from the degradation of carbonate solvents. In our case, the low amount of Li2CO3 for
GDE-H-M_hydro_1.0%Ag justifies the less oxidative degradation of carbonate solvent and an easier
removal of the discharge products from the GDE surface, probably due to the increased electronic
conductivity of Ag-doped MnO2 [22]. Actually, the presence of electrocatalytic material in GDE could
help to reduce the solvent degradation [34], thus evidencing the possibility of a further increase of
the solvent stability. Nowadays, the electrochemical stability of these compounds must be better
investigated for their use in Li/Air devices, especially in the presence of suitable additives (vinylene
carbonate, ethylene sulfite, etc.) able to stabilize the solvent [33], limiting degradation phenomena.

Figure 7. Discharge and charge cycles for (a) GDE-H-M_hydro and (b) GDE-H-M_hydro_1.0%Ag in
the H-cell.
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Figure 8. X-ray diffraction lines of (a) GDE-H-M_hydro and (b) GDE-H-M_hydro_1.0%Ag obtained by
subtraction between the GDEs after five cycles and before cycling. The * label indicates the presence of
MnO2 polymorphs.

3. Experimental Section

3.1. Cathode Material and Gas Diffusion Electrode

In the present paper, specific attention has been given to cathodic materials. A general criterion in
preparing GDEs was kept throughout all of the experiments: 20% by weight of manganese dioxide
was added to a mixture of carbonaceous matrix (see the following). MnO2 samples (see Table 1) were
prepared via hydrothermal synthesis, operating a redox reaction of manganese sulfate with potassium
permanganate (1:1 molar ratio) in 15 mL of Milli-Q (Darmstadt, Germany) water; reactants were mixed
together and kept under stirring conditions at 90 ˝C for 24 h [38,56]. As a result, black powders were
obtained, which were filtered, rinsed with Milli-Q water several times and finally dried at 60 ˝C for 24 h
to provide the complete drying of MnO2 (labeled as M_hydro in the following). A quote of pure MnO2

was further subjected to a thermal treatment after the hydrothermal synthesis in the range 200–500 ˝C
for 5 h in N2 flux (named M_200 Ñ M_500). A third group of samples was prepared to overcome
the resistive behavior of manganese dioxide by adding AgNO3 to the reaction mixture during the
hydrothermal growth by varying the Ag/Mn molar ratio from 0.5% to 2% (called M_hydro_xAg,
where x = molar ratio %). Zhang et al. [57] demonstrated that the increase in the conductivity leading
to higher specific capacitance is due to the addition of silver into MnO2 matrix.

Carbonaceous supports, a mesocellular carbon (MCC) and a hollow core mesoporous carbon
(HCMSC), were prepared as widely described in the literature [46,58–60]. MCC shows a BET area of
231 m2¨ g´1 and a pore size of 310 Å, while HCMSC has a higher BET area, 1150 m2¨ g´1, with pores
one order of magnitude smaller (38 Å). Empty HCMSC core shell particles create an extremely regular
pattern of 400–500 nm diameter spherules.

GDEs (see Table 2) were prepared by mixing in N-methyl-2-pyrrolidinone (NMP 99.5%, anhydrous
used as solvent, Sigma-Aldrich®, Milano, Italy), the mesoporous carbon and the manganese dioxide
together with a small percentage by weight of Shawinigan Black AB50 carbon (SAB, Chevron Phillips,
The Woodlands, TX, USA) and polyvinylidene fluoride (PVDF Kynar®, Arkema, Barcelona, Spain)
powder, employed as a binder. The relative weight ratio among the components was: (MCC or
HCMSC):SAB:PVDF = 65:20:15 or (MCC or HCMSC):MnO2:SAB:PVDF = 45:20:20:15. After a 3-h
stirring period, the slurry was brush-deposited, at 55 ˝C, onto a carbon paper sheet (SIGRACET®, SGL
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Group, Meitingen, Germany). The complete evaporation of NMP was obtained by leaving the GDEs
in an oven at 60 ˝C for 12 h. The electrode was punched into a 1.17-cm2 disk with 1.3–2.2 mg¨ cm´2

of active material (excluding PVDF, the binder). Vulcan XC72R and Vulcan XC72R with 10% Pt were
used to prepare GDEs to be tested as reference cathodes for the involved reactions. The catalytic
activity and the physical characteristics of the carbon materials strongly affect the performance
and the life of the electrodes. Maja et al. [61] reported that the proper selection of carbons leads
to a significant enhancement of the performance of gas diffusion electrodes. Particularly, at long
operation times, cathodes with Shawinigan acetylene black show better performances than those with
oil-furnace carbon supports. Furthermore, the combination of Vulcan XC72R and SAB gives the best
catalytic performances.

3.2. Cell Configuration

A solution consisting of 1 M LiClO4 (Sigma-Aldrich®, battery grade, dry, ě99.99%), dissolved
in propylene carbonate (PC: Sigma-Aldrich®, anhydrous, 99.7%), was used as the electrolyte. In an
argon-filled (Gastec Vesta 5.5) glove box (LABCONCO®, Kansas, MO, USA), Li-air Swagelok™-type
cells [62] were assembled stacking a Li disk (Sigma- Aldrich®, 99.9%) as the counter electrode, a
glass fiber separator wetted with 90–100 μL of electrolyte and the gas diffusion working electrode.
Concerning the choice of lithium salt, although it has no industrial application due to severe safety
issues, LiClO4 has been used in several academic studies reporting the high rechargeability of Li-O2

cells. The relatively higher stability of LiClO4 suggests it continues to be suitable for the purpose of
tests and development at the research level [63]. Two different experimental cells were investigated:
the first one, a Swagelok™ cell (S-cell) that ensured a rapid assembly, a handy configuration and an
easy maintenance; the other one, a home-made cell (H-cell), in which the prepared GDEs, used as
the cathode, can directly face a massive electrolyte solution (40 mL), in order to avoid the possible
electrolyte limitations [27]. The anode was also employed as a reference electrode, and potential
values have been always referred to the Li+/Li redox couple. Oxygen (Gastec Vesta 5.5) was fed
to the gas side of the GDEs at a 1-mL¨ s´1 flow, during both the charging and discharging period.
Both of the cells were studied performing chronopotentiometric experiments (galvanostatic analysis)
imposing a discharge and charge current density and cut-off potential of 0.34 mA¨ cm´2 and of 4.3 V
(vs. Li/Li+), respectively.

3.3. Instrumentation

A Princeton Applied Research 263A potentiostat/galvanostat was employed to perform cycle tests,
and CorrWare 3.1c software (Oak Bridge, TN, USA) was used for data acquisition. Room-temperature
X-ray powder diffraction (XRPD) patterns were collected between 20 and 90˝ (Δ2θ = 0.08˝, time per
step = 17 s, scan speed = 0.02˝/s) with a Siemens D500 diffractometer (Berlin, Germany), using Cu Kα

radiation (Cu Kα1: λ = 1.54056 Å, Kα2: λ = 1.54433 Å). Specific surface areas were determined by the
classical BET procedure using a Coulter SA 3100 apparatus (BeckmanCoulter, Fullerton, CA, USA).
Desorption isotherms were used to determine the pore size distribution using the Barret Joyner Halenda
(BJH) method. Particle morphology was obtained by scanning electron microscopy (SEM), using a
Hitachi TM-1000 (Tokyo, Japan) equipped with an energy dispersive X-ray (EDS, SwiftED-TM) detector.
Transmission electron microscope and scanning transmission electron microscope (TEM/STEM)
analyses were performed by a ZEISS LIBRA200 EFTEM instrument (Jena, Germany) operated at
200 kV. The STEM micrographs were collected by a high-angle annular dark field (HAADF) detector.
The TEM specimens were prepared suspending the nanoparticles in isopropanol, sonicating the
suspension in an ultrasonic bath for 20 min and dropping it onto a holey carbon-coated Cu grid. The
specimens were analyzed after complete solvent evaporation in air at room temperature.
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4. Conclusions

Lithium-air batteries represent valid devices in facing the increasingly worldwide energy demand.
Nevertheless, before they can be fully developed and employed in different fields, from automotive to
portable devices, cathode optimization is requested together with the development of a new family of
low cost electrolytes, able to resist the presence of oxygen radicals. Nowadays, the optimization of
cathodic materials is required to develop batteries able to produce high specific energy.

In this work GDE composites, made of two diverse mesoporous carbons (MCC and HCMSC) and
bare and Ag-doped MnO2 electrocatalysts, have been deeply characterized and electrochemically tested
in home-made Li/air cells. All hydrothermally-synthesized MnO2 nanoparticles show a nanoneedle
structure; particularly, M_hydro presents the best properties in terms of surface area and total pore
volume distribution. As concerns the doped samples, only M_hydro_1.0%Ag has been tested due to
its homogeneous distribution in the MnO2 matrix.

The behavior of the GDE obtained by using only mesoporous carbons depends on their pore size
distribution: MCC with larger pores (310 Å) shows a specific capacity of 1560 mAh¨ g´1, while HCMSC
(d = 40 Å) reaches a value around 1150 mAh¨ g´1. When electrocatalytic M_hydro nanopowders
are incorporated into the composite GDE, a drastic decrease of performance can be evidenced
for MCC-based cathodes, whereas no effects are significant in the case of HCMSC-based ones.
Hydrothermal MnO2 doped with Ag 1.0% shows an average specific capacity above 1100 mAh¨ g´1

during cycles. This effect can be due to silver atoms in a manganese oxide lattice that induce an
electrical conductivity improvement and limit the presence of Li-based discharge products. The
combination of Ag with MnO2 could lead to composite cathodes for Li/air batteries that present high
specific capacity, thus reducing the overpotentials and increasing the cyclability of the cell.

Supplementary Materials: They are available online at http://www.mdpi.com/2079-4991/6/1/10/s1.
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