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Overview

Heterogeneous catalysis played, plays, and will continue to play a major key role in industrial
processes for the large-scale synthesis of commodity chemicals of global importance [1,2] and in
catalytic systems that possess a critical role in energy generation [3–8] and environmental protection
approaches [9–13]. As a result of the ongoing progress in materials science, nanotechnology, and
characterization methods, great advances have been currently recorded in heterogeneous catalysis
by nanomaterials, the so-called “nanocatalysis” [14–16]. Efficient approaches and advanced methods
for the design of nanostructured composite materials (up to atomic level) [14–18], subject to specific
nanomorphologies with enhanced metal–metal and metal–support interactions that are favorable
for catalysis (that enable fine-tuning of the critical physicochemical properties of the designed
catalysts) [18], provide optimized catalytic systems with outstanding performances in numerous
eco-friendly and cost-effective applications. Under this line, great progress has been achieved in
many applications of heterogeneous catalysis involving, for example, emissions control catalysis,
waste treatment, photocatalytic, biorefinery, CO2 utilization, and fuel cells applications, as well as
hydrocarbon processing for H2, added-value chemicals, and liquid fuels production, among several
others [1–18].

This Special Issue: Contributions and Highlights

In this context, this Special Issue of Nanomaterials has succeeded in collecting 10 high-quality
contributions that cover recent research progress in the field, involving rational synthesis and adequate
characterization of novel nanostructured catalysts with improved efficiency and performance in several
high-impact environmental, energy, added-value chemicals/organics synthesis and biotransformation
processes, including: (i) the synthesis of added-value chemicals/organics and biotransformations
(5 papers), (ii) photocatalytic pollutants degradation (2 papers), (iii) photocatalytic or electrocatalytic
water splitting for H2 and/or O2 evolution (2 papers), and (iv) wastewater cleaning from pharmaceuticals
(1 paper). The apparent dispersion of the application subjects and targets of these 10 paper
contributions declares the prospect and importance of nanomaterials in all the directions of the
area of heterogeneous catalysis.

(i) Nanomaterials for Chemicals/Organics Synthesis and Biotransformation Applications

Su et al. [19] synthesized Rh nanoparticle catalysts dispersed on TiO2 and boron-decorated
TiO2 nanotube supports (Rh/TNTs, Rh/B-TNTs), which were evaluated on the hydroformylation of
2-methyl-3-butennitrile (2M3BN). Given that 2M3BN can be used for the preparation of adiponitrile
after isomerization, and the hydroformylation of 2M3BN is an industrially important and scientific
research subject, in addition to the fact that hydroformylation processes are related with difficulties
upon recovery of the homogeneous catalysts employed in industrial practice, the present study,
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employing heterogeneous catalysts, is of considerable interest. A variety of techniques, namely X-ray
diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy (XPS), temperature-programmed desorption of ammonia (NH3-TPD),
inductively coupled plasma–atomic emission spectroscopy (ICP-AES), and Brunauer–Emmett–Teller
(BET) were used for the characterization of catalysts. Superior olefin hydroformylation catalytic
performance (activity, selectivity to aldehydes) of Rh/B–TNTs in comparison to Rh/TNTs was obtained,
resulting from its improved acidity. A better dispersion of Rh nanoparticles on Rh/B-TNTs than that on
Rh/TNTs was achieved with average particle sizes of 2.8 and 4.9 nm, respectively, while B-modification
of the support also improved catalytic stability.

Riyadh et al. [20] synthesized chitosan (a natural polysaccharide)–MgO hybrid nanocomposite
by a simple, one-pot precipitation method, which was characterized by means of Fourier transform
pectroscopy (FTIR), elemental analysis (EDX), and scanning electron microscopy (SEM). This chitosan
nanocomposite is a three-dimensional, cross-linked, polymeric matrix of chitosan with active
NH and OH functional groups, incorporating MgO nanoparticles, and it can be used as a novel
basic heterogeneous catalyst in the form of a solid film. The material served here as a powerful
eco-friendly basic catalyst under microwave irradiation in the synthesis of two novel series of
5-arylazo-2-hydrazonothiazoles 4a–j and 2-hydrazono [1,3,4] thiadiazoles 8a–d, incorporating a
sulfonamide group. Its catalytic performance, as a green recyclable catalyst, was comparatively
evaluated by means of triethylamine (a traditional catalyst). The significantly better yields of the
chitosan-MgO toward hydrazonothiazoles and hydrazono [1,3,4] thiadiazoles was attributed to the
obtained nanosized MgO and the synergistic effect that is created by the combination of the basic nature
of both MgO and chitosan. The novel nanocomposite catalyst can be easily recovered and reused for
many times without loss in its catalytic activity, therefore making it promising for implementation in
many other organic transformations.

Zhao et al. [21] produced ZrO2 nanoparticles, ZrO2(P) and ZrO2(H), with different tetragonal
phase content (higher in the former), which was used as support for the preparation of 10 wt %
Ni/ZrO2 catalysts via impregnation. The catalysts were characterized by means of XRD, Raman,
H2-TPR, XPS, and H2-TPD techniques, and their catalytic performance was evaluated under the
hydrogenation of maleic anhydride toward succinic anhydride and γ-butyrolacetone. The Ni/ZrO2(P)
catalyst exhibited stronger metal–support interactions than the Ni/ZrO2(H) due to its higher number of
oxygen vacancies and the low-coordinated oxygen ions on its surface, resulting in smaller Ni particles
and higher C=C hydrogenation activity for maleic anhydride to succinic anhydride. However, the C=O
hydrogenation activity of Ni/ZrO2(P) was found to be much lower than that of the Ni/ZrO2(H). A 43.5%
γ-butyrolacetone yield over the Ni/ZrO2(H) versus a much lower of only 2.8% over the Ni/ZrO2(P)
catalyst, at 210 ◦C and 5 MPa of H2 pressure, was obtained. In situ FTIR characterization revealed that
the high C=O hydrogenation activity for the Ni/ZrO2(H) could be attributed to the surface synergy
between active metallic nickel species and relatively electron-deficient oxygen vacancies. The obtained
insight could stimulate new strategies for ZrO2-based catalysts performance optimization under α,
β-unsaturated aldehyde, and ketone hydrogenation reactions by modulating the surface structure of
ZrO2 supports.

Wu et al. [22] investigated a series of zeolites with different topology structures, including
SAPO-34, SUZ-4, ZSM-5, USY, MOR, and beta, as catalysts for the synthesis of polyoxymethylene
dimethyl ethers (PODEn) from dimethoxymethane (DMM) and trioxymethylene (TOM). Both
experimental and theoretical studies were employed to evaluate the influence of acidic properties and
textural/morphological characteristics of the zeolites on their activity. It was confirmed that a pore
mouth diameter larger than a TOM molecule was an essential prerequisite for the synthesis of PODEn
over zeolites; the synergistic effect between medium-strong Brønsted acid sites (Brønsted MAS) and
the maximal available space of zeolites determines the catalytic performance of all zeolites studied.
Mechanistic implications involve first the decomposition of DMM and TOM into methoxymethoxy
groups (MMZ) and CH2O monomer over Brønsted MAS. Then, the steric constraint of the maximum
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included sphere, with an appropriate size in zeolite channels, can promote the combination of CH2O
and MMZ to form transition species ZO(CH2O)nCH3, which reacted with the methyl-end group to
form PODEn over Brønsted MAS. The reaction temperature appeared to affect product distribution
(selectivity) due to changes in the activity of intermediate species, which also strongly depends on the
maximum available space in zeolite channels. Overall, it is concluded that a pore mouth diameter larger
than the TOM molecule, a proper amount of Brønsted MAS, and an appropriate maximum including
the sphere size are necessary conditions to obtain high PODEn selectivity at low temperatures.

Gournis, Stamatis, and co-workers [23] synthesized porous carbon cuboids (PCC) and
functionalized PCCox in order to develop novel β-glucosidase-based nanobiocatalysts for the
bioconversion of oleuropein to hydroxytyrosol. Using non-covalent or covalent immobilization
approaches, β-glucosidases from almonds and thermotoga maritima were attached for the first
time on oxidized and non-oxidized porous carbon cuboids (PCC). A variety of characterization
methods including Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy
(XPS), and atomic force microscopy (AFM) were employed for the adequate characterization of the
bionanoconjugates. The oxidation state of the oxidized PCCs as a type of nano-support and the
immobilization procedure appeared to play a key role on the immobilization efficiency or the catalytic
activity of the immobilized β-glucosidases. The novel bionanoconjugates nanobiocatalysts formed
efficiently catalyzed the hydrolysis of oleuropein, leading to the formation of its bioactivderivative,
hydroxytyrosol, which is a phenolic compound with numerous health benefits. The bionanoconjugates
exhibited high thermal and operational stability, up to 240 h of repeated use, pointing out their great
prospect in various biotransformations.

(ii) Nanomaterials for Photocatalytic Pollutants Degradation Applications

Long, Yan, and co-workers [24] in an attempt to meet the urgent need for advanced photocatalytic
materials, fabricated novel visible light-driven heterostructured g-C3N4/TiO2 (CNT) composites, using
graphitic carbon nitride (g-C3N4) as precursor and fibrous TiO2 via the electrospinning preparation
method. The photocatalytic performance of CNT was evaluated under the rhodamine B degradation
and was found to be superior to that of the commercial TiO2 (P25®) and electrospun TiO2 nanofibers.
The specific CNT heterostructure and its enlarged specific surface area enhanced the photocatalytic
performance, suppressing the recombination rate of photogenerated carriers while broadening the
absorption range of light spectrum. Heterostructured CNTs with an appropriate proportion can
rationally use visible light and significantly promote the photogenerated charges transferred at the
contact interface between g-C3N4 and TiO2, rendering them as prospective candidates in photocatalytic
pollutants degradation processes, as the authors conclude.

Under the same purpose, Bresolin et al. [25], based on its ability to absorb visible light, synthesized a
methylammonium lead iodide perovskite (MAIPb), which was evaluated as a visible-light photocatalyst
for the degradation of two model pollutants, rhodamine B (RhB) and methylene blue (MB). An
approximately 65% photodegradation of RhB was achieved after 180 min of treatment, while the
efficiency was enhanced up to 100% by assisting the process with a small amount of H2O2. The
visible-light activity of the MAIPb perovskitic-structure photocatalyst was attributed to its outstanding
optoelectronic properties, i.e., its ability to absorb light as well as to enhance the separation of
photogenerated carriers.

(iii) Nanomaterials for Photocatalytic or Electrocatalytic Water-Splitting Applications

Zeng and coworkers [26] under the view of using photocatalysis as a green technique to convert
solar energy to chemical energy, specifically H2 production from water splitting, prepared ZnO and
ZnO-red phosphorus heterostructures (ZnO/RP), through a facile calcination method for the first time.
The materials studied in respect to their photocatalytic activity for H2 evolution through water splitting
offered considerable efficiency and excellent photostability under AM1.5 light irradiation. The w/w
ratio of RP in the ZnO/RP heterostructure was used for material optimization. It was found that
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ZnO/PR heterostuctures exhibit up to 20.8-fold enhancement of H2 production compared to bare ZnO,
and moreover overcome the photocorrosion sensitivity of ZnO. This privileged water-splitting activity
and stability of ZnO/PR was considered to result from the rapid transfer and effective separation of
photogenerated electrons and holes between the heterointerface of ZnO and RP and the inhibited
charge carrier recombination on the surface.

Wen et al. [27] recognized the fact that the oxygen evolution reaction (OER), in other words the
water-splitting reaction, is a pivotal step for many sustainable energy technologies, and in order to
overcome common unfavorable sluggish kinetics and high overpotentials during OER, synthesized a
hybrid electrocatalyst (CoNi-ZIF-67@Ti3C2Tx), i.e., an MXene supported CoNi-ZIF-67 hybrid. This was
achieved by the in situ growth of bimetallic CoNi-ZIF-67 rhombic dodecahedrons on the Ti3C2Tx matrix
via coprecipitation. They found that the inclusion of the MXene matrix produces smaller CoNi-ZIF-67
particles and increases the average oxidation of Co/Ni elements endowing the CoNi-ZIF-67@Ti3C2Tx

with a pronounced OER electrocatalytic performance, which is much better than the IrO2 electocatalysts
and the pure CoNi-ZIF-67. Therefore, this work shows new strategies for the development of efficient
non-precious metal electrocatalysts for OER.

(iv) Nanomaterials for Adsorption-Based Wastewater Cleaning from Pharmaceuticals

Yan and co-workers [28] worked on a subject of growing environmental attention, that is the
removal of pharmaceuticals from wastewater, in particular antibiotics, which are stable, difficult to
degrade, and are able to generate antibiotic-resistant genes in microorganisms with concomitant adverse
effects in ecosystems. In this context, the authors prepared magnetic N-doped porous carbon (MNPC)
via the self-catalytic pyrolysis of bimetallic metal–organic frameworks (MOFs) and studied its efficiency
on antibiotics adsorption. The as-produced material showed favorable features (e.g., high surface area
and pore volume, good graphitization degree, rich N-doping, and magnetic properties), allowing it
to be an endowed antibiotic adsorbent. This was experimentally revealed by testing the adsorption
capacity of MNPC on norfloxacin (NOR) adsorption, which was found to be significant. A detailed
experimental parametric study enabled the authors to conclude that the adsorption mechanism is
mainly influenced by pore filling, electrostatic interaction, and the H-bond.
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Abstract: The TiO2-based nanotubes (TNTs, B–TNTs) of different surface acidities and their
supported Rh catalysts were designed and synthesized. The catalysts were characterized by
X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy
(TEM), X-ray photoelectron spectrometer (XPS), tempera–ture–programmed desorption of ammonia
(NH3–TPD), atomic emission spectrometer (ICP), and Brunauer–Emmett–Tellerv (BET) surface-area
analyzers. Images of SEM and TEM showed that the boron-decorated TiO2 nanotubes (B–TNTs)
had a perfect multiwalled tubular structure; their length was up to hundreds of nanometers and
inner diameter was about 7 nm. The results of NH3-TPD analyses showed that B–TNTs had a
stronger acid site compared with TNTs. For Rh/TNTs and Rh/B–TNTs, Rh nanoparticles highly
dispersed on B–TNTs were about 2.79 nm in average diameter and much smaller than those on
TNTs, which were about 4.94 nm. The catalytic performances of catalysts for the hydroformylation
of 2-methyl-3-butennitrile (2M3BN) were also evaluated, and results showed that the existence of B
in Rh/B–TNTs had a great influence on the catalytic performance of the catalysts. The Rh/B–TNTs
displayed higher catalytic activity, selectivity for aldehydes, and stability than the Rh/TNTs.

Keywords: B-doped; Rh; TiO2 nanotube; hydroformylation; 2-methyl-3-butennitrile; functionalized
olefin

1. Introduction

Hydroformylation of olefins is one of the most important homogeneous catalytic reactions in the
chemical industry with a worldwide oxoaldehyde production [1]. By hydroformylation, one more
carbon aldehyde than the original olefin can be obtained. Aldehydes are an important chemical raw
material and act as intermediates in the synthesis of drugs, pesticides, natural products, and so on [2–4].
According to statistics, the production of aldehydes globally is now over 6.0 × 106 t/a [5].

The typical hydroformylation of olefins is mainly catalyzed by homogeneous catalysis. Although
the homogeneous catalyst system for hydroformylation has high catalytic activity, good selectivity,
and other advantages, the transition metal complex used in the catalyst system may dissolve in the
product, resulting in difficulties in the recovery of the catalyst [6,7]. Thus, there are two technical and
scientific issues; one is the separation of the homogeneous catalyst from the product, and the other is
preventing active components from loss. To resolve these issues, researchers have done much research
on the effective separation of homogeneous catalysts and refraining from the loss of active components

Nanomaterials 2018, 8, 755; doi:10.3390/nano8100755 www.mdpi.com/journal/nanomaterials7
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for the hydroformylation of olefins. One effective method is to “heterogenize” homogeneous catalysts.
That is, the homogeneous catalyst, or the metal nanoparticles catalyst, is riveted on the materials of a
large surface area [8–14]. Compared with conventional inorganic supports, the TiO2 nanotubes (TNTs)
with multi-hydroxyls on the inner and outer surface can support the nanosized catalytic activity center,
e.g., Rh nanoparticles. Furthermore, the multiwall of nanotubes may also act as the partition to separate
Rh nanoparticles and prevent them from agglomeration. In addition, the nano-confinement effect
of TNTs may have a marked impact on the selectivity of hydroformylation. In our previous studies,
we used TiO2 nanotubes-supported Rh nanoparticles and amorphous Co–B catalysts to catalyze the
hydroformylations of vinyl acetate [15] and cyclohexene [16]. According to previous reports, the acidity
of the supports has a great influence on the catalytic activity. Olefin can be easily adsorbed by the
Lewis acid positions [17,18], which is beneficial for the hydroformylation of olefin. The addition of B
in the catalyst should be able to improve the catalytic activity of catalysts by increasing the Lewis acid
positions [19,20]. Then, we used boron-modified TiO2 nanotubes-supported Rh-nanoparticle catalysts
to catalyze the hydroformylations of styrene, and the TOF of aldehydes was up to 18,458 h−1 [21].

The hydroformylation of functionalized alkenes is an interesting topic [22]. The functional
group (FG) in functionalized alkenes (C=C–FG), in which the FG is adjacent to the C=C group, may
affect catalytic hydroformylation of C=C–FG by the chelation effect of FG with the active sites of the
catalyst, which may lead to a decrease in the catalytic activity of the catalyst and the object control
of regioselectivity of the catalytic hydroformylation of C=C–FG becomes very difficult. To reduce
the impact of FG, we reported TNTs-supported Rh-Ru particle catalysts and compared their catalytic
performances in the hydroformylation of vinyl acetate and cyclohexene [23]. The catalysts showed
higher catalytic activities in the hydroformylation of vinyl acetate than that of cyclohexene because
in the reaction, the main active site, Rh, can catalyze the main reaction efficiently, and the second
active site, Ru, reduces the influence of the FG. Olefins containing the –CN group are important
functionalized alkenes. Scientists have tried hard to regulate and control the regioselectivity of the
catalytic hydroformylation of olefins containing the –CN functional group [24–26]. It is well-known
that the control addition of two HCN to a single butadiene is still the most effective industrial process
to synthesize adiponitrile today. When one molecule of HCN is added to a butadiene, the main
byproduct is 2M3BN. 2M3BN, as is commonly known, can be used for the preparation of adiponitrile
after isomerization, but investigating the hydroformylation of 2M3BN is an industrially important and
scientifically challenging research subject. In this contribution, we report the design and synthesis of
Rh-catalysts supported by TNTs of different surface acidity. The catalytic performances of catalysts
synthesized for the hydroformylation of 2M3BN are investigated.

2. Materials and Methods

Butyl titanate, ethanol, H3BO3, NaOH, and nitric acid are analytical grade reagents and were
purchased from commercial suppliers (Tianjin Guangfu Fine Chemical Research Institute, Tianjin,
China) without any further purification. Deionized water is used in the experiments.

2.1. Preparation of the Catalysts

The preparation method of the TNTs was the same as our previous studies [27].
The preparation method of the B–TNTs is described as follows. Firstly, 15 mL butyl titanate

was added into 225 mL absolute ethanol under constant stirring, marked as A. 1.01 g H3BO3 was
dissolved in 15 mL distilled water respectively, and then the solution was slowly added to 225 mL
absolute ethanol, marked as B. Solution A was mixed with solution B, and the pH was adjusted to 3
by using concentrated nitric acid, forming titanium sol containing 5 wt.% boron. After the titanium
sols were aged for 1 day, it was dried at 80 ◦C and turned into titanium gel containing boron. Then,
the gel was calcined for 2 h at 400 ◦C in a muffle furnace, and the boron-doped titanium dioxide
powder was obtained. Thereafter, the as-prepared 1.0 g boron-doped titanium dioxide powder was
treated with 60 mL 10 M NaOH aqueous solution in an autoclave for 12 h at 150 ◦C. The resulting

8



Nanomaterials 2018, 8, 755

material was washed with distilled water for it to become neutral and then dried at 60 ◦C, whereby
a resulting white B–TNTs powder was obtained. The titanium sols containing 10 wt.% boron can
be prepared by changing the amount of H3BO3 to 2.02 g. The actual B contents of the two B–TNTs
powders synthesized and labeled as B–TNTs (b) and B–TNTs (c) were 0.56 and 0.99 wt.%, respectively.

2.2. Synthesis of Rh/TNTs and Rh/B–TNTs

The Rh/TNTs and Rh/B–TNTs were prepared by using the impregnation-photoreducing procedure.
A typical synthesis process is as follows: 1 g TNTs was added to 20 mL 2 wt.% RhAc2 aqueous

solution, and then the suspension was vigorously agitated for 6 h. After low-energy sonication for
30 min, the suspension was centrifuged and the resulting solid was washed with a little deionized
water to remove the ions adsorbed on the outer surface of TNTs, after which the solid was transferred
into a 60 mL photo-reactor with 50 mL ethanol–water solution (Vethanol:Vwater = 9:1). The mixture
was irradiated using a 300 W high-pressure mercury lamp, which ended with a color change of the
mixture from blue to grey. Then, the mixture was centrifuged and the solid obtained was washed with
deionized water and dried at 60 ◦C for 8 h in a vacuum. The catalyst obtained was labeled as Rh/TNTs
(a1). The same procedures were used to prepare Rh/B–TNTs (b1), Rh/B–TNTs (c1) to just change TNTs
to B–TNTs (b) and B–TNTs (c). The preparation process of Rh/B–TNTs (c2) and Rh/B–TNTs (c3) is
similar to that of Rh/B–TNTs (c1), which had different Rh loadings (1 wt.% and 3 wt.% RhAc2).

2.3. Evaluation of Catalytic Performance of Catalysts for Hydroformylation

The catalytic activities of Rh/TNTs and Rh/B–TNTs for the hydroformylation of 2M3BN were
evaluated. In a typical experiment, a 0.4 g catalyst and the required amount of substrate and solvent
were placed in a 250-mL stainless steel autoclave reactor with a magnetic stirrer. The reactor was
purged three times with H2 and then pressurized to 6.0 MPa with CO and H2 (CO/H2 = 1:1). After this,
the reactor was heated to the desired temperature while stirring. When the reaction was over,
the stirring was stopped. The reactor was then cooled to room temperature and the pressure was
released gradually. The product was analyzed by GC7890B-5977A MS (Agilent, Santa Clara, CA, USA)
or GC (GC-2014 gas chromatograph equipped with a 30 m × 0.53 mm SE-30 capillary column and a
FID, Shimadzu, Japan,). Recycling uses of catalysts were carried out under the same conditions after
recovering the catalyst from the reaction solution via centrifugation.

2.4. Characterization

The crystal phase and structure of catalysts were detected by XRD, Rigaku D/Max-2500, (Rigaku,
Japan), which was performed with Cu Ka radiation (λ = 1.54 Å) at 2θ from 10◦ to 80◦. TEM images
were recorded using a Tecnai G2 F20 instrument (FEI, Hillsboro, OR, USA) at an accelerating voltage
of 200 kV. The morphologies were analyzed by SEM, Shimadzu SS-550, Shimadzu, Japan,). The X-ray
photoelectron spectrometer (XPS, Kratos Axis Ultra DLD multi-technique X-ray photoelectron spectra,
Kratos Analytical Ltd., Manchester, UK) was used to test the chemical states of Rh in catalysts, and all
binding energies were calibrated using C1s (Eb = 284.6 eV) for the reference. The contents of Rh
and B were determined by ICP-AES (ICP-9000, USA Thermo Jarrell-Ash Corp, Franklin, MA, USA).
N2 adsorption/desorption isotherms were collected on an Autosorb-1-MP 1530VP (Quantachrome,
Florida, FL, USA) automatic surface area and porosity analyzer. The sample was degassed at 473 K for
5 h and then analyzed at 77 K. The relative pressure (P/P0) range used for the calculation of the BET
surface area was from 0.05 to 0.30.

NH3-TPD measurement was performed on an Autosorb-IQ-C-XR automatic surface area and
a porosity analyzer equipped with a thermal conductivity detector (TCD, Quantachrome, Florida,
FL, USA). The samples were pretreated at 150 ◦C for 1 h in a flow of Ar, and then subjected to NH3

adsorption until saturation at room temperature. Desorbed NH3 was monitored at a heating rate of
10 ◦C/min from room temperature to 800 ◦C.
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3. Results and Discussion

3.1. BET and ICP Analysis

A Brunauer–Emmett–Teller (BET) analysis was carried out to investigate the specific surface area
(SSA) of the catalysts (Table 1). The actual contents of Rh and B in catalysts determined by the ICP
were listed in Table 1. The SSA of TNTs (a), B–TNTs (b), and B–TNTs (c) were calculated to be 227.6,
238.6, and 275.8 m2/g, respectively. It can be observed that the BET surface area increased with the
increasing content of B, an effect which can be attributed to the lower crystal size of the anatase phase
in the B–TNTs supporter [28,29]. The SSA of all catalysts were significantly lower than that of pure
supporters, which may be ascribed to the metal nanoparticles deposited on the outer and inner surface
or which occupied the interspace between walls of TNTs [23,30–32].

Table 1. Brunauer–Emmett–Teller (BET) and atomic emission spectrometer (ICP) data of TNTs,
Rh/TNTs, B–TNTs and Rh/B–TNTs.

Entry Catalyst SSA (m2/g) Rh Content (wt.%) B Content (wt.%)

1 TNTs(a) 227.6 - -
2 Rh/TNTs(a1) 198.6 0.13 -
3 B–TNTs(b) 238.6 - 0.56
4 Rh/B–TNTs(b1) 225.2 0.16 0.56
5 B–TNTs (c) 275.8 0 0.99
6 Rh/B–TNTs(c1) 268.6 0.16 0.99
7 Rh/B–TNTs(c2) 270.2 0.09 0.99
8 Rh/B–TNTs(c3) 267.4 0.19 0.99

3.2. XRD Analysis

Figure 1 shows the XRD patterns of Rh/TNTs, Rh/B–TNTs. It can be seen from Figure 1 that
all of the peaks can be perfectly indexed to anatase titania (PDF: 21-1272). The peaks at 2θ = 25.4◦,
37.8◦, 48.1◦, 54.6◦, 55.0◦, 62.7◦, 68.8◦, and 75.0◦ can be assigned to diffractions of anatase TiO2 (101),
(004), (200), (105), (211), (204), (116), and (215). There is no peak related to the Rh (PDF: 05-0685),
which means that Rh particles are small and highly dispersed on the TNTs and B–TNTs, which is a
similar result to that observed by previous reports [15,23].
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Figure 1. X-ray diffraction (XRD) patterns of Rh/TNTs and Rh/B–TNTs.

3.3. SEM Analysis

Figure 2 shows the SEM images of the B–TNTs. As can be seen from Figure 2, the synthesized
B–TNTs showed 1-D morphology with a length of up to hundreds of nanometers. We can see that
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the single nanotube in the B–TNTs samples is clearly discernible, showing a uniform diameter and a
smooth surface.

 

Figure 2. Scanning electron microscopy (SEM) images of a B–TNTs (a) and b B–TNTs (b).

3.4. TEM Analysis

Figure 3 shows the TEM images of the Rh/TNTs and Rh/B–TNTs. It is clear from Figure 3 that
TNTs and B–TNTs show perfect nanotubular morphology with a length of about 200–300 nm and
diameter of about 8–10 nm (Figure 3a,b). The nanotubes have a multiwalled structure with a spacing
of about 7 nm. There is no obvious rupture or fracture caused by the light reduction process. These are
attributable to the dispersed Rh-containing compound, which plays the same stable supporting role
as Co and Fe compounds reported in the literature [16,27]. Rh nanoparticles are well-dispersed on
the inner and outer surfaces of the nanotubes without agglomeration. Figure 3c,d show the size
distributions of particles in different catalysts. The average diameter of the Rh particles in Rh/B–TNTs
(c1) is about 2.79 nm (Figure 3d), which is obviously smaller than that of Rh/TNTs (a1) (4.94 nm,
Figure 3c), and the size distributions of particles are in a relatively narrow range. These results mean
that the presence of B in B–TNTs can effectively prevent the growth of Rh nanoparticles and improve
the distributions of Rh particles, which is similar to the results found in literature [33].

 
Figure 3. Transmission electron microscopy (TEM) images of (a) Rh/TNTs (a1); (b) Rh/B–TNTs (c1);
Size distributions of particles in (c) Rh/TNTs (a1); (d) Rh/B–TNTs (c1).
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3.5. XPS Analysis

XPS was performed to evaluate the chemical state of the catalysts. As seen in Figure 4a, there was
only one peak at about 192.4 eV for B 1s. As compared to the standard binding energy for B 1s in TiB2

(187.5 eV, Ti–B bonds) and in B2O3 (193.1 eV, B–O bonds), the binding energy of B 1s was between
that of B2O3 and TiB2; thus, the boron atom was probably incorporated into TiO2 and the chemical
environment surrounding the boron was likely to be Ti–B–O, which would be a similar result to those
in previous reports [34,35].

Figure 4b,c display the O 1s spectra comparison between Rh/TNTs (a1) and Rh/B–TNTs (c1).
From Figure 4b,c, the O 1s XPS spectra of the Rh/B–TNTs (c1) sample could be fitted by three
peaks, corresponding to Ti–O (530.0 eV), the hydrogen group O–H (531.6 eV), and the B–O (533.0 eV)
bond, respectively, while there were only two O 1s XPS peaks assigned to the Ti–O and O–H bonds,
respectively of the Rh/TNTs (a1) sample, which also proved the presence of the B–O bond [35,36].

Figure 4d,e show that the carbon peaks consisted of three components. The peak at 284.6 eV
corresponds to the binding energies of C 1s, and the second and third smaller peaks at 286.2 and
288.6 eV observed for both samples are probably due to impurity and air absorbents [37].

As shown in Figure 4f,g, Rh 3d5/2 and Rh 3d3/2 show that the group peaks not only centered at
307.2 and 312.0 eV, but also at 309.1 and 313.8 eV. These indicate that Rh exists in two forms of Rh0 and
oxidation state. The higher binding energy state should have relevance to the incomplete reduction of
Rh2+ ions; however, the electron transfers from Rh adatoms to the titanate substrate and the formation
of partially oxidized states cannot be excluded, which is consistent with the literature [38]. It is
well-known that Rh0 is the active site for the hydroformylation of olefins [15]. The percentage of Rh0

in rhodium is calculated based on the area of the fitted Gauss peaks. When the Rh loading is almost
identical, the proportions of Rh0 in Rh/B–TNTs (c1) is 89.3%, which is higher than that in Rh/TNTs
(a1). Thus, the incorporation of B can increase the proportion of Rh0 in the catalyst, promoting the
hydroformylation of 2M3BN.
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Figure 4. B 1s XPS spectrum of (a) Rh/B–TNTs (c1); O 1s XPS spectra of (b) Rh/TNTs (a1) and
(c) Rh/B–TNTs (c1); C 1s XPS spectra of (d) Rh/TNTs (a1) and (e) Rh/B–TNTs (c1); XPS spectra of Rh
in catalysts. (f) Rh/TNTs (a1), (g) Rh/B–TNTs (c1).

3.6. NH3-TPD Analysis

It has been reported that Lewis acid promoted CO insertion which favors hydroformylation over
hydrogenation of alkenes [39]. Previous literature [40] reported that the incorporation of boron into
Ti-substituted silicalite-2 zeolites (TS-2) could enhance both the number and strength of the acidic sites
in TS-2.

NH3-TPD was used to measure the acidic properties of TNTs (a) and B–TNTs (c), and the results
are shown in Figure 5. There are two NH3 desorption peaks at 135 and 335 ◦C in the TNTs (Figure 5a),
which are caused by the NH3 adsorbed on the acidic sites of the outer and inner surfaces of TNTs,
respectively. It can be concluded that there are a lot of acidic sites on the inner and outer surfaces of
TNTs, which is beneficial to the preferential adsorption of olefin to catalysts. Compared with TNTs (a),
the B–TNTs (c) show three NH3 desorption peaks at around 110, 375, and 560 ◦C (Figure 5b), which is
similar to the NH3-TPD results of Co-B/TNTs [41]. The peak at around 560 ◦C corresponding to NH3

adsorbed on stronger acidic sites implies that B may lead to the formation of a new kind of acidic site
and enhance the acidity of catalysts.

3.7. Catalytic Activity Evaluation

Scheme 1 shows the possible aldehydes formed in the hydroformylation reaction of 2M3BN.
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Figure 5. NH3-TPD plots of a TNTs (a) and (b) B–TNTs.

Scheme 1. Possible aldehydes in the hydroformylation reaction of 2M3BN.

In the real hydroformylation reaction of 2M3BN, an isomerization reaction of 2-methyl-
2-butennitrile (2M2BN) may take place. Theoretically speaking, the products should include at
least three kinds of aldehyde in the hydroformylation of 2M3BN, one of which is linear aldehyde and
the others are branched-chain aldehydes (Figures S1–S3).

It is very interesting to study the selectivity for these aldehydes in the hydroformylation of 2M3BN
and it can help us to understand how the –CN functional group affects the reaction process of the
hydroformylation of olefin. The GC and MS fragments of products formed in the hydroformylation of
2M3BN are shown in the supporting information.

Table 2 shows the influence of B content on the activity of the catalyst. As can be seen from Table 2,
the conversion rate of 2M3BN over all catalysts can reach up to 100%.

However, the selectivity for aldehyde in the reaction over Rh/B–TNTs is higher than that over
Rh/TNTs. The selectivity for product aldehydes is shown to increase from 72% to 81%. In addition,
the isomerization of 2M3BN clearly reduces from 25.8% to 17.9%. These results imply that in the
catalytic processes, the presence of B in the catalysts may increase the rate of migratory insertion of
the CO group, which suppresses the isomerization of 2M3BN and improves reaction selectivity for
aldehydes. When the amount of B in Rh/B–TNTs increases from 0.56 wt.% to 0.99 wt.%, both of the
selectivity for aldehyde and the l:b ratio of the product aldehydes increase. Thus, the suitable amount
of B doping should be 0.99 wt.% in the present work.
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Table 2. Effect of boron content on the hydroformylation over Rh/B–TNTs a.

Catalyst
Content of B

(wt.%)
Conversion (%) Isomerism d (%) TOF b (h−1) Aldehyde (%) b:l c

Rh/TNTs(a1) 0 100 25.8 2663 72 32:68
Rh/BTNTs(b1) 0.56 100 20.4 2532 79 33:67
Rh/BTNTs(c1) 0.99 100 17.9 3576 81 31:69

a Reaction conditions: 2M3BN = 5 mL, catalyst = 0.40 g, temp. = 120 ◦C, syngas pressure = 6.0 MPa, CO:H2 = 1,
solvent (toluene) = 70 mL, and reaction time = 2 h. b TOF is calculated by the formula TOF =

n(aldehydes)
n(Rh)×h ,

n(aldehydes) is the total moles of aldehydes, n(Rh) is the total moles of Rh in the catalyst. c b:l is branched aldehyde:
linear aldehyde. d Isomerism =

n(2−methyl−2−cyano−butyral)+n(2M2BN)
n(2M3BN)

, n(2M2BN) is the amount of 2M2BN in the
liquid after reaction, n(2M3BN) is the amount of reaction substrate.

Table 3 shows the effects of Rh content on the catalytic performance of the Rh/B–TNTs. It can be
seen from Table 3 that the conversion rate of 2M3BN, the turnover frequency (TOF), and the selectivity
for aldehydes all increase with an increase in Rh loadings from 0.09 wt.% to 0.16 wt.%. However, when
the amount of Rh increases from 0.16 wt.% to 0.19 wt.%, the selectivity for aldehydes does not increase,
but the ratio of linear aldehyde to the branched one clearly decreases. Thus, it can be concluded that
the better rhodium content is 0.16wt.% for the catalyst Rh/B–TNTs.

Table 3. Effect of Rh loading in Rh/B–TNTs on the hydroformylation of 2M3BN a.

Catalyst Rh Content (wt.%) Conversion (%) Isomerism d (%) TOF b (h-1) Aldehyde (%) b:l c

Rh/B–TNTs(c1) 0.16 (6.2 × 10−3 mmol) 100 17.9 3576 81 31:69
Rh/B–TNTs(c2) 0.09 (3.5 × 10−3 mmol) 86 19.1 2742 68 32:68
Rh/B–TNTs(c3) 0.19 (7.3 × 10−3 mmol) 100 18.2 3639 79 42:58

a Reaction conditions: 2M3BN = 5 mL, catalyst = 0.40 g, temp. = 120 ◦C, syngas pressure = 6.0 MPa, CO:H2 = 1,
solvent (toluene) = 70 mL, and reaction time = 2 h. b TOF is calculated by the formula TOF =

n(aldehydes)
n(Rh)×h ,

n(aldehydes) is the total moles of aldehydes, n(Rh) is the total moles of Rh in catalyst. c b:l is branched aldehyde:
linear aldehyde. d Isomerism =

n(2−methyl−2−cyano−butyral)+n(2M2BN)
n(2M3BN)

, n(2M2BN) is the amount of 2M2BN in the
liquid after reaction, n(2M3BN) is the amount of reaction substrate.

Table 4 shows the effect of reaction temperature on the Rh/TNTs (a1) and Rh/B–TNTs (c1)
catalyzed hydroformylation reaction of 2M3BN. Table 4 shows that the conversion of 2M3BN over
Rh/TNTs, the TOF, and the ratio of l:b, all increased along with the increase in reaction temperature
from 80 ◦C to 120 ◦C. For Rh/B–TNTs (c1), when the reaction temperature increased from 80 ◦C to
120 ◦C, the conversion of 2M3BN, the total amount of aldehydes, and the ratio of l:b, all improved.
Thus, it can be concluded that the suitable reaction temperature should be 120 ◦C. The difference is
that under the almost identical Rh loading and reaction temperature, the activity of Rh/B–TNTs is
significantly higher than that of Rh/TNTs. This clearly demonstrates that the presence of B in the
catalysts is greatly beneficial for the hydroformylation reaction of 2M3BN. However, the isomerization
of 2M3BN increases when the temperature increases from 80 ◦C to 120 ◦C, indicating that increasing
the temperature is more favorable for the isomerization of 2M3BN.

The stability of catalysts is important for the hydroformylation of olefins for practical application.
It was reported that the stability of Ni catalysts can be enhanced by boron doping [42]. Density
functional theory calculations also suggested that the presence of boron could improve the stability of
the catalyst by selectively blocking the deposition, nucleation, and growth of resilient carbon species
of Co catalysts under Fischer-Tropsch synthesis conditions [43].
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Table 4. Effect of reaction temperatures on the Rh/TNTs- and Rh/B–TNTs-catalyzed hydroformylation
reaction of 2M3BN a.

Catalyst Temperature (◦C) Conversion (%) Isomerism d (%) TOF b (h−1) Aldehyde (%) b:l c

Rh/TNTs (a1) 80 66 19.5 1833 46 65:35
Rh/TNTs (a1) 100 100 20.4 3152 73 39:61
Rh/TNTs (a1) 120 100 25.9 3263 72 32:68

Rh/B–TNTs (c1) 80 74 13.1 1892 59 62:38
Rh/B–TNTs (c1) 100 100 16.8 3537 81 41:59
Rh/B–TNTs (c1) 120 100 17.9 3576 81 31:69

a Reaction conditions: 2M3BN = 5 mL, Catalyst = 0.40 g, syngas pressure = 6.0 MPa, CO:H2 = 1, solvent (toluene)
= 70 mL, and reaction time = 2 h. b TOF is calculated by the formula TOF =

n(aldehydes)
n(Rh)×h , n(aldehydes) is the

total moles of aldehydes, n(Rh) is the total moles of Rh in catalyst. c b:l is branched aldehydee: linear aldehyd.
d Isomerism =

n(2−methyl−2−cyano−butyral)+n(2M2BN)
n(2M3BN)

, n(2M2BN) is the amount of 2M2BN in the liquid after reaction,
n(2M3BN) is the amount of reaction substrate.

To investigate the stability of the catalysts, Rh/TNTs (a1) and Rh/B–TNTs (c1) were selected for
recycle catalytic experiments. The experimental results are listed in Table 5. As can be seen from
this Table, Rh/B–TNTs (c1) remained highly active and the yield of aldehyde maintained at around
67.8% in the fourth recycles. However, the Rh/TNTs (a1) shows poor stability. We used ICP to test
the rhodium content in the solution after the reaction (listed in Table 6). We can clearly see that the
addition of B can significantly reduce the loss of rhodium. The Rh content is about 18.8 PPM in the
solution after the first reaction used for the Rh/B–TNTs(c1) catalyst and is much smaller than that in
the solution used for the Rh/TNTs(a1) catalyst, which is about 42.8 PPM. The experimental results
show that boron doping can greatly improve the catalytic stability of the catalyst.

Table 5. Studies of catalyst stability a.

Catalyst Cycle Times Conversion (%) Isomerism d (%) TOF b (h−1) Aldehyde (%) b:l c

Rh/B–TNTs(c1) 1 100 17.9 3576 81 31:69
Rh/B–TNTs(c1) 2 100 20.3 3312 77 29:71
Rh/B–TNTs(c1) 3 92 18.8 2556 80 31:69
Rh/B–TNTs(c1) 4 90 29.1 2202 68 38:62

Rh/TNTs(a1) 1 100 25.9 3263 72 32:68
Rh/TNTs(a1) 2 50 28.6 1665 69 35:65
Rh/TNTs(a1) 3 trace 30.5 - trace -

a Reaction conditions: 2M3BN = 5 mL, Rh/TNTs (a1) = 0.40 g, Rh/B–TNTs (c1) = 0.40 g, temp. = 120 ◦C, syngas
pressure = 6.0 MPa, CO:H2 = 1, solvent (toluene) = 70 mL. b TOF is calculated by the formula TOF =

n(aldehydes)
n(Rh)×h ,

n(aldehydes) is the total moles of aldehydes, n(Rh) is the total moles of Rh in catalyst. c b:l is branched aldehyde:
linear aldehyde. d Isomerism =

n(2−methyl−2−cyano−butyral)+n(2M2BN)
n(2M3BN)

, n(2M2BN) is the amount of 2M2BN in the
liquid after reaction, n(2M3BN) is the amount of reaction substrate.

Table 6. Rhodium content in the solution after the reaction.

Catalyst Cycle Times Rh (PPM)

Rh/B–TNTs(c1) 1 18.8
Rh/B–TNTs(c1) 2 15.7
Rh/B–TNTs(c1) 3 13.0
Rh/B–TNTs(c1) 4 11.2

Rh/TNTs(a1) 1 42.8
Rh/TNTs(a1) 2 28.7
Rh/TNTs(a1) 3 8.6

4. Conclusions

This study showed that the high catalytic activity of B-modified Rh/TNTs catalysts for olefin
hydroformylation could be improved by increasing the acid site of the catalyst. The Rh/B–TNTs
catalysts not only display good catalytic performance, but also good circulation. The catalysts could be
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easily recovered and were used up to four times. Although we observed a modest decrease of activity
with the recycling of the catalyst, the selectivity decreased quite a bit from 81% to 68%, and Rh leaching
was also observed. However, the stability of the catalyst Rh/B–TNTs(c1) was much better than that of
Rh/TNTs(a1). In conclusion, the introduction of B can not only improve the catalytic activity of the
catalyst, but also improve its stability.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/10/755/s1,
Figure S1: Gas chromatogram of hydroformylation. a before the reaction; b after the reaction. Figure S2: GC-Mass
profiles of samples from hydroformylation of 2M3BN in toluene. Fragment ions of the 2-methyl-2-cyano-butyral
(RT = 9.47 min); b fragment ions of the 2-methyl-3-cyano-butyral (RT = 10.30 min); c fragment ions of the
4-cyano-pentanal (RT = 13.70 min). Figure S3: IR spectra of hydroformylation production of 2M3BN.

Author Contributions: P.S. performed the experiments and wrote the original draft; X.L., Y.C. and H.L. done the
work of data processing; B.Z., S.Z. and W.H. conceived the concept. All the authors contributed to the writing of
the manuscript.

Funding: This work is supported by the National Natural Science Foundation of China (21373120 and 21071086)
and 111 Project (B12015).

Acknowledgments: This research have no external acknowledgments.

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

References

1. Piras, I.; Jennerjahn, R.; Jackstell, R.; Spannenberg, A.; Franke, R.; Beller, M. A General and Efficient
Iridium-Catalyzed Hydroformylation of Olefins. Angew. Chem. 2011, 50, 280–284. [CrossRef] [PubMed]

2. You, C.; Wei, B.; Li, X.X.; Yang, Y.S.; Liu, Y.; Lv, H.; Zhang, X.M. Rhodium-catalyzed desymmetrization by
hydroformylation of cyclopentenes: synthesis of chiral carbocyclic nucleosides. Angew. Chem. Int. Ed. 2016,
55, 6511–6514. [CrossRef] [PubMed]

3. Dydio, P.; Reek, J.N.H. Supramolecular control of selectivity in hydroformylation of vinyl arenes: easy access
to valuable beta-aldehyde intermediates. Angew. Chem. Int. Ed. 2013, 52, 3878–3882. [CrossRef] [PubMed]

4. Pospech, J.; Fleischer, I.; Franke, R.; Buchholz, S.; Beller, M. Alternative metals for homogeneous catalyzed
hydroformylation reactions. Angew. Chem. Int. Ed. 2013, 52, 2852–2872. [CrossRef] [PubMed]

5. Neves, Â.C.B.; Calvete, M.J.F.; Pinho e Melo, T.M.V.D.; Pereira, M.M. Immobilized catalysts for
hydroformylation reactions: A versatile tool for aldehyde synthesis. Eur. J. Org. Chem. 2012, 32, 6309.
[CrossRef]

6. Paganelli, S.; Piccolo, O.; Baldi, F.; Gallo, M.; Tassini, R.; Rancan, M.; Armelao, L. A new biogenerated
Rh-based catalyst for aqueous biphasic hydroformylation. Catal. Commun. 2015, 71, 32–36. [CrossRef]

7. Sun, Q.; Dai, Z.F.; Liu, X.L.; Sheng, N.; Deng, F.; Meng, X.J.; Xiao, F.S. Highly Efficient Heterogeneous
Hydroformylation over Rh-Metalated Porous Organic Polymers: Synergistic Effect of High Ligand
Concentration and Flexible Framework. J. Am. Chem. Soc. 2015, 137, 5204–5209. [CrossRef] [PubMed]

8. Wang, Y.Q.; Yan, L.; Li, C.Y.; Jiang, M.; Wang, W.L.; Ding, Y.J. Highly efficient porous organic copolymer
supported Rh catalysts for heterogeneous hydroformylation of butenes. Appl. Catal. A Gen. 2018, 551, 98–105.
[CrossRef]

9. Garcia, M.A.S.; Oliveira, K.C.B.; Costa, J.C.S.; Corio, P.; Gusevskaya, E.V.; Santos, E.N.D.; Rossi, L.M.
Rhodium Nanoparticles as Precursors for the Preparation of an Efficient and Recyclable Hydroformylation
Catalyst. Chem. Cat. Chem. 2015, 7, 1566–1572. [CrossRef]

10. Khokhar, M.D.; Shukla, R.S.; Jasra, R.V. Hydroformylation of dihydrofurans catalyzed by rhodium complex
encapsulated hexagonal mesoporous silica. J. Mol. Catal. A Chem. 2015, 400, 1–6. [CrossRef]

11. Ma, Y.B.; Fu, J.; Gao, Z.X.; Zhang, L.B.; Li, C.Y.; Wang, T.F. Dicyclopentadiene Hydroformylation to
Value-Added Fine Chemicals over Magnetically Separable Fe3O4-Supported Co-Rh Bimetallic Catalysts:
Effects of Cobalt Loading. Catalysts 2017, 7, 103. [CrossRef]

12. Chikkali, S.H.; Bellini, R.; De Bruin, B.D.; Vlugt, J.I.V.D.; Reek, J.N.H. Highly selective asymmetric
Rh-catalyzed hydroformylation of heterocyclic olefins. J. Am. Chem. Soc. 2012, 134, 6607–6616. [CrossRef]
[PubMed]

17



Nanomaterials 2018, 8, 755

13. Sharma, D.; Ganesh, V.; Sakthivel, A. Rhodium incorporated monometallic cobalt hydrotalcite-type materials:
Preparation and its applications for the hydroformylation of alkenes. Appl. Catal. A 2018, 555, 155–160.
[CrossRef]

14. Kontkanen, M.-L.; Tuikka, M.; Kinnunen, N.M.; Suvanto, S.; Haukka, M. Hydroformylation of 1-Hexene
over Rh/Nano-Oxide Catalysts. Catalysts 2013, 3, 324–337. [CrossRef]

15. Shi, Y.K.; Hu, X.J.; Zhu, B.L.; Wang, S.R.; Zhang, S.M.; Huang, W.P. Synthesis and characterization of TiO2

nanotube supported Rh-nanoparticle catalysts for regioselective hydroformylation of vinyl acetate. RSC Adv.
2014, 4, 62215–62222. [CrossRef]

16. Hu, X.J.; Shi, Y.K.; Zhang, YJ.; Zhu, B.L.; Zhang, S.M.; Huang, W.P. Nanotubular TiO2-supported amorphous
Co–B catalysts and their catalytic performances for hydroformylation of cyclohexene. Catal. Commun. 2015,
59, 45–49. [CrossRef]

17. Zhou, G.B.; Pei, Y.; Jiang, Z.; Fan, K.N.; Qiao, M.H.; Sun, B.; Zong, B.N. Doping effects of B in ZrO2 on
structural and catalytic properties of Ru/B-ZrO2 catalysts for benzene partial hydrogenation. J. Catal. 2014,
311, 393–403. [CrossRef]

18. Urbano, F.J.; Aramendía, M.A.; Marinas, A.; Marinas, J.M. An insight into the Meerwein–Ponndorf–Verley
reduction of α,β-unsaturated carbonyl compounds: Tuning the acid–base properties of modified zirconia
catalysts. J. Catal. 2009, 268, 79–88. [CrossRef]

19. Chatterjee, M.; Ishizaka, T.; Suzuki, T.; Suzuki, A.; Kawanami, H. In situ synthesized Pd nanoparticles
supported on B-MCM-41: an efficient catalyst for hydrogenation of nitroaromatics in supercritical carbon
dioxide. Green Chem. 2012, 14, 3415. [CrossRef]

20. Yin, A.Y.; Qu, J.W.; Guo, X.Y.; Dai, W.L.; Fan, K.N. The influence of B-doping on the catalytic performance of
Cu/HMS catalyst for the hydrogenation of dimethyloxalate. Appl. Catal. A 2011, 400, 39–47. [CrossRef]

21. Shi, Y.K.; Hu, X.J.; Chen, L.; Lu, Y.; Zhu, B.L.; Zhang, S.M.; Huang, W.P. Boron modified TiO2 nanotubes
supported Rh-nanoparticle catalysts for highly efficient hydroformylation of styrene. New J. Chem. 2017, 41,
6120. [CrossRef]

22. You, C.; Li, X.X.; Yang, Y.H.; Yang, Y.S.; Tan, X.F.; Li, S.L.; Wei, B.; Lv, H.; Chung, L.W.; Zhang, X.M.
Silicon-oriented regio- and enantioselective rhodium-catalyzed hydroformylation. Nat. Commun. 2018, 9,
2045. [CrossRef] [PubMed]

23. Chuai, H.Y.; Liu, X.T.; Chen, Y.; Zhu, B.L.; Zhang, S.M.; Huang, W.P. Hydroformylation of vinyl acetate and
cyclohexene over TiO2 nanotube supported Rh and Ru nanoparticle catalysts. RSC Adv. 2018, 8, 12053–12059.
[CrossRef]

24. Clark, T.P.; Landis, C.R.; Freed, S.L.; Klosin, J.; Abboud, K.A. Highly Active, Regioselective,
and Enantioselective Hydroformylation with Rh Catalysts Ligated by Bis-3,4-diazaphospholanes. J. Am.
Chem. Soc. 2005, 127, 5040–5042. [CrossRef] [PubMed]

25. Nelsen, E.R.; Brezny, A.C.; Landis, C.R. Interception and Characterization of Catalyst Species in
Rhodium Bis(diazaphospholane)-Catalyzed Hydroformylation of Octene, Vinyl Acetate, Allyl Cyanide,
and 1-Phenyl-1,3-butadiene. J. Am. Chem. Soc. 2015, 137, 14208–14219. [CrossRef] [PubMed]

26. Le Goanvic, L.; Ternel, J.; Couturier, J.-L.; Dubois, J.-L.; Carpentier, J.-F. Rhodium-Biphephos-Catalyzed
Tandem Isomerization–Hydroformylation of Oleonitrile. Catalysts 2018, 8, 21. [CrossRef]

27. An, H.Q.; Li, J.X.; Zhou, J.; Li, K.R.; Zhu, B.L.; Huang, W.P. Iron-coated TiO2 nanotubes and their
photocatalytic performance. J. Mater. Chem. 2010, 20, 603–610. [CrossRef]

28. In, S.; Orlov, A.; Berg, R.; García, F.; Pedrosa-Jimenez, S.; Tikhov, M.S.; Wright, D.S.; Lambert, R.M. Effective
Visible Light-Activated B-Doped and B,N-Codoped TiO2 Photocatalysts. J. Am. Chem. Soc. 2007, 129,
13790–13791. [CrossRef] [PubMed]

29. Quiñones, D.H.; Rey, A.; Álvarez, P.M.; Beltrán, F.J.; Li Puma, G. Boron doped TiO2 catalysts for photocatalytic
ozonation of aqueous mixtures of common pesticides: Diuron, o-phenylphenol, MCPA and terbuthylazine.
Appl. Catal. B Environ. 2015, 178, 74–81. [CrossRef]

30. Berto, T.F.; Sanwald, K.E.; Eisenreich, W.; Gutiérrez, O.Y.; Lercher, J.A. Photoreforming of ethylene glycol
over Rh/TiO2 and Rh/GaN:ZnO. J. Catal. 2016, 338, 68–81. [CrossRef]
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Abstract: A chitosan-MgO hybrid nanocomposite was prepared using a simple chemical precipitation
method and characterized using Fourier transform spectroscopy (FTIR), elemental analysis
(EDX), and scanning electron microscopy (SEM). The nanocomposite was served as a powerful
ecofriendly basic catalyst under microwave irradiation in the synthesis of two novel series of
5-arylazo-2-hydrazonothiazoles 4a–j and 2-hydrazono[1,3,4]thiadiazoles 8a–d, incorporating a
sulfonamide group. The structures of the synthesized products were elucidated by spectral data and
elemental analyses. Also, their yield percentages were calculated using triethylamine (as a traditional
catalyst) and chitosan-MgO nanocomposite (as a green recyclable catalyst) in a comparative study.

Keywords: chitosan-MgO nanocomposite; heterogeneous catalysis; ethylidenethiosemicarbazides;
thiazoles; thiadiazoles

1. Introduction

In the past decade, green chemistry has been developed from a variety of research ideas such as
atom economy and heterogeneous catalysis in the last few decades leading up to the 1990s, and in
several successful attempts and efforts to overcome the problems of chemical pollution and resource
depletion. On the other hand, nanosized materials are of great importance due to their large exposed
surface area, high absorbability, and high catalytic efficiency. Nanosized magnesium oxides were
being multitalented basic catalysts for many organic reactions. Recently, MgO nanoparticles can
be used for the synthesis of pyranopyrazoles [1], aminochromenes [2], and dihydropyridines [3]
via multicomponent reactions. The main drawbacks to the potential use of MgO nanoparticles as
a basic catalyst are their difficult separation and reusability since the utilized catalyst could not
recover quantitatively and the pure products should be obtained after extensive purification processes.
Chitosan (CS) is a natural polysaccharide that is commercially produced via the alkaline hydrolysis
of chitin. Although this biopolymer has many advantages, such as its renewability, biocompatibility,
and biodegradability, its utility is limited in its unmodified form. For a long time, chitosan was
used as an ecofriendly basic catalyst in some organic reactions [4–7]. However, the major problem
of its use is the limited basic properties (weak catalytic activity) and its high swelling properties
and gel formation renders its separation and recovery very difficult. To overcome these drawbacks,
a chitosan-MgO nanocomposite [8] could be used as a novel basic heterogeneous catalyst in the form
of a solid film. A chitosan-MgO nanocomposite is a three-dimensional, cross-linked, polymeric matrix
of chitosan (with active NH and OH functional groups) incorporating magnesium oxide nanoparticles
(Figure 1) [9].
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Figure 1. Structure of a chitosan-MgO nanocomposite.

The biocatalyst is stable enough such that it can be recovered and used more than four times
without a loss in its catalytic activity. As a result of these studies, the chitosan-MgO biocatalyst
was found to be ecofriendly, biocompatible, an efficient green catalyst, and a high economic impact
material that will find a lot of potential catalytic applications, especially in the base catalyzed organic
transformations. This heterogeneous hybrid nanocomposite is used in the form of films to increase its
catalytic activity by increasing its surface/volume ratio, and consequently it can be easily recycled and
reused several times with the same catalytic efficiency [10].

Moreover, thiazoles display a diversity of therapeutic activities such as being a non-steroidal
anti-inflammatory drug (meloxicam), antiretroviral drug (ritonavir), antiprotozoal agent (nitazoxanide) [11],
and antioxidant agent [12]. Also, [1,3,4]thiadiazoles with a sulfonamide group were incorporated in
many marketing drugs including acetazolamide and methazolamide [13]. In this study, we are
reporting an efficient green protocol and simple synthetic routes of a new series of hydrazonothiazoles
and hydrazono [1,3,4]thiadiazoles in the presence of chitosan-MgO nanocomposite as a basic
ecofriendly biocatalyst under microwave irradiations. Moreover, the efficiency of this biocatalyst and
its reusability was examined.

2. Materials and Methods

Melting points were measured on an electrothermal Gallenkamp capillary apparatus (Leicester,
UK) and are uncorrected. Elemental analyses were carried out at the Microanalytical Center of
Cairo University, Giza, Egypt. The IR spectra were recorded on a Pye-Unicam SP300 Instrument
(Cambridge, UK) in potassium bromide discs. The 1H NMR (nuclear magnetic resonance) and
13C NMR of the newly synthesized compounds in DMSO-d6 were measured on a Varian Mercury
VXR-300 spectrometer (Varian, Karlsruhe, Germany) at 300 MHz for 1H NMR and 75 MHz for 13C
NMR) and the chemical shifts were related to that of the solvent. The mass spectra were recorded
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on a GCMSQ1000-EX Shimadzu (Tokyo, Japan) and GCMS 5988-A HP spectrometers (Shimadzu,
Tokyo, Japan) where the ionizing voltage was 70 eV. Microwave experiments were carried out
using CEM Discover Labmate microwave apparatus (Discover, SP, NC, USA, 300 W). The starting
materials 2-{1-[4-((4-methylphenyl)sulfonamide) phenyl]ethylidine}thiosemicarbazide 1 [14], α-keto
hydrazonoyl halides 2a–j [15–18], and arenecarbohydrazonoyl halides 5a–d [19,20] were prepared as
reported in literature.

2.1. Preparation of Heterogeneous Catalyst (Chitosan-MgO Hybrid Nanocomposite)

The hybrid CS-MgO nanocomposite was prepared using a one pot solution casting method. In an
experiment, 2 g of chitosan powder (medium molecular weight; 85% DDA) was dissolved in 100 mL
of 2% (v/v) aqueous acetic acid solution under stirring for 12 h at room temperature. To this solution,
2 g of magnesium acetate tetrahydrate, Mg(CH3COO)2·4H2O (M0631 Sigma-Aldrich, St. Louis, MO,
USA) were added and the mixture was again re-stirred for 12 h till a clear solution was obtained.
The resulting viscous solution was cast in a Teflon Petri dish and dried overnight at room temperature.
The Petri dish was then immersed into a 0.2 M sodium hydroxide solution for neutralization and
phase separation. The solid films were dried in an oven adjusted at 80 ◦C for 6 h. Finally, the produced
solid films were purified by washing with methanol several times and again were dried in an oven
at 60 ◦C for 2 h. Furthermore, a pure chitosan film, without MgO, was prepared in a similar way for
comparative study.

2.2. Reactions of 2-{1-[4-((4-Methylphenyl)sulfonamide)phenyl]ethylidine}thiosemicarbazide (1) with α-Keto
Hydrazonoyl Chlorides 2a–j or N-Aryl Arenecarbohydrazonoyl Halides 5a–d

2.2.1. Method A

A mixture of 2-{1-[4-((4-methylphenyl)sulfonamide)phenyl]ethylidine}thiosemicarbazide (1)
(0.362 g, 1 mmol) in dry dioxane (15 mL), containing 0.1 g of triethylamine, and α-keto hydrazonoyl
chlorides 2a–j or N-aryl arenecarbohydrazonoyl halides 5a–d (1 mmol of each) was irradiated using
microwave irradiation (MW) at 300 W in a closed Teflon vessel until all the starting material was
consumed (30–40 min as monitored by thin layer chromatography, TLC). The solvent was evaporated
and the residue was poured into an ice/HCl mixture. The precipitate was filtered, washed with water,
and crystallized from methanol to give products 4a–j or 8a–d.

2.2.2. Method B

The procedure was similar to Method A, using a chitosan-MgO nanocomposite (0.1 g) instead of
trimethylamine. After completion of the reaction, the hot solution was filtered to remove chitosan-MgO
nanocomposite and the filtrate was poured into an ice/HCl mixture, and the precipitate was filtered,
washed with water, and crystallized from methanol to give products 4a–j or 8a–d (see Supplementary
Materials for analyses of the prepared compounds).

3. Results and Discussion

3.1. Preparation and Characterization of Chitosan-MgO Nanocomposite Films

The chitosan-MgO nanocatalyst was prepared via incorporation of the MgO nanoparticles in
the chitosan matrix through a modified one pot solution casting method. The chitosan solution in
acetic acid was treated with magnesium acetate tetrahydrate, then was subjected to evaporation of the
solvent at room temperature. The resulting solid film was soaked in sodium hydroxide solution to
achieve the phase separation.
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3.1.1. FTIR Spectra

FTIR (Fourier-Transform infrared) spectra of chitosan and chitosan-MgO nanocomposite showed
that the main functional groups of chitosan clearly appeared at υ = 3370 cm−1 (broad band of hydrogen
bonded OH– groups), 2875 cm−1 (C–H bond; CH3 groups), 1660 cm−1 (amide carbonyl groups),
1379 cm−1 (bending vibration of CH2 groups), and 1060 cm−1 (asym. vibration of C=O) (Figure 2).
These bands are considered as evidence for the maintenance of the chitosan structure features even
after the incorporation of the MgO nanoparticles inside the polymer matrix. Also, the absence of acetic
acid bands in the spectrum indicated that the films were washed enough and neutralized completely
upon sodium hydroxide treatment (see Section 2.1). Moreover, only small acceptable shift in the
bands of chitosan-MgO nanocomposite was attributed to the influence of the incorporation of MgO
nanoparticles. This shift in bands was familiar as result of chitosan with metal oxides [21]. The latter
shifts are shown, especially at bands of NH and OH groups, which is evidence for the H-bonding
interaction of these group with MgO molecules.

Figure 2. FTIR of chitosan (A) and the chitosan-MgO nanocomposite (B).

3.1.2. FESEM Analysis

FESEM (Field Emission Scanning Electron Microscope) was used to analyze the morphology and
size distribution of the MgO nanoparticles that were incorporated in the polymer matrix. FESEM
micrographs of the pure chitosan (A) and that of the hybrid films with magnesia particles 10 wt% (B)
are shown in (Figure 3). The obtained surface of the pure chitosan matrix was found to be homogenous
and looks smoothly to a great extent. The MgO nanoparticles developed as white spots that distributed
homogeneously over the surface of the polymer matrix. On the other hand, the muddled surface
was due to adsorption of the polymer layers on the particles surface. The average size of the MgO
particles was found to be approximately 6–11 nm for 10 wt% as the particles size slightly decreased with
increasing magnesia content. Moreover, EDX measurements for the solid chitosan-MgO nanocomposite
confirmed the presence of magnesia within the hybrid film, as shown in (Figure 4).
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(A) (B) 

Figure 3. FESEM images of chitosan (A), and chitosan-MgO 10 wt% (B).

 
Figure 4. EDX spectra of the 10 wt% chitosan-MgO nanocomposite hybrid film. Inset is the
quantitative result.

3.2. Optimal Catalyst Loading

In order to estimate the proper catalyst loading, a model irradiation reaction of
ethylidinethiosemicarbazide 1 with α-keto hydrazonoyl chlorides 2a in dioxane, and in the presence of
1, 5, 10, 15, and 20 wt% of chitosan-MgO nanocomposites as basic catalysts, under the same conditions
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was conducted affording the respective hydrazonothiazoles 4a (Figure 5). The results showed that the
optimal catalyst loading was 10 wt% Moreover, the catalyst was reused four time and the results also
showed that the biocatalyst could be reused as such without significant loss in its catalytic activity
(Table 1).

Figure 5. Optimization of the chitosan graft copolymer as a basic catalyst.

Table 1. Recyclability of the chitosan graft copolymer as basic catalyst.

State of Catalyst Fresh Catalyst Recycled (1) Recycled (2) Recycled (3) Recycled (4)

Product 4a (%Yield) 85 84 83 83 82

3.3. Synthesis of Thiazoles and [1,3,4]thiadiazoles Using Cs-MgO Nanocomposite

Irradiation of thiosemicarbazone 1 with 2-oxo-N-arylpropanehydrazonoyl chlorides 2a–j in
dioxane, in the presence of triethylamine or the chitosan-MgO nanocomposite as a basic catalyst,
furnished 4-methyl-5-arylazo-2-hydrazonothiazoles 4a–j (Scheme 1). At the outset, identification of the
best basic catalyst (triethylamine or chitosan-MgO nanocomposite) was examined under microwave
irradiations (Table 2).

 
Scheme 1. Synthesis of hydrazonothiazoles 4a–j.
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Table 2. Effect of the nature of basic catalyst on the yield of the products 4a–j.

Compound Number Ar2 Time (min)
Yield (%)

Et3N Chitosan-MgO Nanocomposite

4a C6H5 30 76 85
4b 2-CH3C6H4 30 73 85
4c 2-ClC6H4 35 77 86
4d 3-CH3C6H4 30 82 96
4e 4-CH3C6H4 30 78 87
4f 4-CH3OC6H4 40 73 83
4g 4-NO2C6H4 40 69 81
4h 4-BrC6H4 40 70 81
4i 4-FC6H4 40 71 80
4j 4-CH3COC6H4 40 72 84

As shown in Table 2, the reaction proceeded smoothly with different substituents on the aromatic
benzene ring of hydrazonoyl chlorides 2a–j. Also, the chitosan-MgO nanocomposite was a more
efficient basic catalyst than triethylamine under microwave irradiation.

Elucidation of 2-hydrazonothiazoles 4a–j structures was based on spectral data and elemental
analyses. In the IR spectra, two absorption bands in the range of υ = 3212–3268 cm−1 and 1578–1600 cm−1

were revealed owing to the presence of (N–H) and (C=N) groups, respectively. Also, the sulfonamide
group (SO2NH) showed asymmetric and symmetric stretching signals at υ = 1336–1379 cm−1 and
1136–1161 cm−1, respectively [22]. In 1H NMR spectra two methyl groups bordering to hydrazone
moiety (CH3–C=N–NH) [23] and a thiazole ring [24] were observed as singlet signals at δ = 2.35–2.43
and 2.43–2.59 ppm, respectively, while the NH proton of the sulfonamide group [22] was resonated at
δ = 10.43–10.92 ppm.

Establishing the experimental feasibility of the reaction of 1 with α-keto hydrazonoyl chlorides
2a–j directed our attention to use N-aryl arenecarbohydrazonoyl halides 5a–d, bereft of the carbonyl
group. Thus, treatment of ethylidinethiosemicarbazide 1 with N-aryl arenecarbohydrazonoyl halides
5a–d under the same employed conditions proceeded smoothly to give 2-hydrazono[1,3,4] thiadiazoles
8a–d as the isolated products (Scheme 2). Also, the effect of the nature of the basic catalyst, such as
triethylamine or the chitosan-MgO nanocomposite, on the percent yields of the isolated products 8a–d

was investigated (Table 3).

 

Scheme 2. Synthesis of hydrazono[1,3,4]thiadiazoles 8a–d.

27



Nanomaterials 2018, 8, 928

Table 3. Effect of the nature of basic catalyst on the yield of the products 8a–d.

Compound
Number

Ar2 Ar3 Time (min)
Yield (%)

Et3N Chitosan/MgO Nanocomposite

8a C6H5 C6H5 30 74 86
8b C6H5 4-NO2C6H4 35 76 88
8c 4-CH3C6H4 C6H5 40 79 85
8d 4-CH3OC6H4 C6H5 40 78 87

As shown in Table 3, the percentage yields of the products 8a–d, the chitosan-MgO nanocomposite
as a basic catalyst prevailed over triethylamine under microwave irradiation. The characterization of
2-hydrazono[1,3,4]thiadiazoles 8a–d was consistent with spectral data (IR, 1H NMR, 13C NMR, and MS
(Mass spectroscopy)) and elemental analyses (see Supplementary Materials). As shown in Scheme 2,
the reaction proceeded through nucleophilic displacement of the thiol group to the halogen atom to
give S-alkylated intermediate products 6a–d [25]. Intramolecular Michael addition [26] of the NH
group into the electrophilic carbon atom of (C=N-N=) for intermediates 6a–d led to the formation of
cycloadducts 7a–d. Elimination of ammonia from the latter intermediates 7a–d gave the final products
8a–d (Scheme 2).

4. Conclusions

Recently, nanoparticles (NPs) have been developed as promising candidates in various
applications due to their unique properties. In this article, a chitosan-MgO nanocomposite (as a green
recyclable biocatalyst) was prepared and well-characterized using FTIR, FESEM, and EDX spectra.
The average size of the MgO particles was found to be approximately 6–11 nm for 10 wt% and it was
found that the particles’ size slightly decreased with increasing magnesia content. This nanocomposite
was then used successfully as a heterogeneous basic catalyst for the synthesis of two series of
hydrazonothiazoles and hydrazono [1,3,4] thiadiazoles, with sulfonamide moiety, in a comparative
study with triethylamine (as a traditional catalyst). In addition to the preferable green impact,
the acquired results showed that the chitosan-MgO nanocomposite was a more powerful catalyst in
these reactions as compared to triethylamine. The obvious catalytic potency of the chitosan-MgO
nanocomposite was attributed to the obtained nanosized MgO and the synergistic effect that is created
by the combination of the basic nature of both MgO and chitosan. Moreover, the nanocatalyst could be
easily recovered and reused many times without loss in its catalytic activity. Finally, the biopolymer
chitosan-metal oxide combination is a promising hybrid nanocomposite that deserves to be explored
in many organic transformations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/11/928/
s1.
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Abstract: ZrO2 nanoparticles, ZrO2 (P) and ZrO2 (H), with different tetragonal phase contents,
were prepared. ZrO2 (P) possessed higher tetragonal phase content than ZrO2 (H). Ni/ZrO2 catalysts
(10% (w/w)), using ZrO2 (P) and ZrO2 (H) as supports, were prepared using an impregnation method,
and were characterized using XRD, Raman, H2-TPR, XPS, and H2-TPD techniques. Their catalytic
performance in maleic anhydride hydrogenation was tested. The Ni/ZrO2 (P) catalyst exhibited
stronger metal-support interactions than the Ni/ZrO2 (H) catalyst because of its higher number of
oxygen vacancies and the low-coordinated oxygen ions on its surface. Consequently, smaller Ni
crystallites and a higher C=C hydrogenation activity for maleic anhydride to succinic anhydride
were obtained over a Ni/ZrO2 (P) catalyst. However, the C=O hydrogenation activity of Ni/ZrO2 (P)
catalyst was much lower than that of the Ni/ZrO2 (H) catalyst. A 43.5% yield of γ-butyrolacetone
was obtained over the Ni/ZrO2 (H) catalyst at 210 ◦C and 5 MPa of H2 pressure, while the yield of
γ-butyrolactone was only 2.8% over the Ni/ZrO2 (P) catalyst under the same reaction conditions.
In situ FT-IR characterization demonstrated that the high C=O hydrogenation activity for the Ni/ZrO2

(H) catalyst could be attributed to the surface synergy between active metallic nickel species and
relatively electron-deficient oxygen vacancies.

Keywords: maleic anhydride; oxygen vacancies; selective hydrogenation; Ni/ZrO2

1. Introduction

Maleic anhydride (MA), as the third most important anhydride in commercial use, can be
hydrogenated to produce succinic anhydride (SA), γ-butyrolacetone (GBL), 1,4-butanediol (BDO), and
tetrahydrofuran (THF) products (Figure 1). SA is an important raw material of biodegradable plastic
polybutylene succinate (PBS), and GBL is currently one of the most valuable and environmentally
friendly media [1,2]. Hence, much attention has been focused on the selective hydrogenation of MA to
SA or GBL. However, the process remains a challenge because of the coupled structure of the C=C
and C=O bonds in MA molecules [3]. The coupled molecular structure leads to a delocalization of the
electron density in the C=C and C=O bonds. This makes it difficult for the selectively hydrogenation
of the C=C bond to obtain SA, or for the C=C and C=O bonds to obtain GBL. In addition, MA has

Nanomaterials 2019, 9, 406; doi:10.3390/nano9030406 www.mdpi.com/journal/nanomaterials31
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a different molecular structure from other linear conjugated molecules, such as crotonaldehyde or
acrolein, in that it is a compound with a five-membered cyclic structure. The special geometric
structure of the reactant molecule will affect its adsorption mode on catalysts and the corresponding
hydrogenation mechanism [4]. Therefore, the tailoring of high-activity and high-selectivity catalysts to
obtain SA or GBL is an important but challenging subject.

Figure 1. Reaction scheme of hydrogenation of maleic anhydride (MA).

In the current literature, the metal catalysts Pd, Ru, Cu, and Ni are widely accepted as being active
in the hydrogenation of MA. Among them, the Ni catalyst has attracted a great deal of attention because
of its high hydrogenation activity and low cost [5–9]. However, because of their weak hydrogenation
ability towards the C=O bond of Ni [10,11], hydrogenation products are mostly mixtures of SA and GBL.
Some valuable strategies have been employed to regulate the selectivity of Ni-based catalysts [12–16],
such as introducing a second component as a promoter and modifying surface acid-base properties
of supports. Results of experiments have also shown that these are effective regulation methods.
In addition to these measures, the product distribution in MA hydrogenation could also be modulated
by using reducible oxides as supports (e.g., CeO2 and TiO2) [17–20]. Our research group found
that the Ni/CeO2 catalyst exhibited higher C=O hydrogenation activity when compared with the
Ni/Al2O3 catalyst, and the superior catalytic activity in C=O hydrogenation was ascribed to the
reduction of CeO2 [21]. In the hydrogenation of other carbonyl compounds and CO2 methanation
reactions, it has been further found that the catalysts with abundant oxygen vacancies on the surface,
such as CeO2, TiO2 and Co3O4 supported metal catalysts, exhibited superior catalytic performance
in hydrodeoxygenation. The researchers concluded that the superior performances of these catalysts
stemmed from the promotion of oxygen vacancies [22–26].

Recently, ZrO2 has received considerable attention and has been applied in a variety of reactions
because of its amphoteric properties and the multiformity of its crystalline phases [27,28]. The morphology
of ZrO2 was found to play a vital role in various catalytic reactions. Samson et al. found that when
ZrO2 was present in the tetragonal phase, it showed a higher activity towards methanol synthesis
from CO2 [29], whereas Rhodes et al. found that monoclinic ZrO2 was more active for methanol
synthesis [30]. Amorphous ZrO2 was found to be beneficial for the dry reforming of the methane
reaction [31]. The aforementioned experimental results, concerning the effects of the ZrO2 crystalline
phase, seem to be contradictory. Whether the crystalline phase of ZrO2 is directly related to the catalytic
activity of ZrO2 supported metal catalysts is unknown. Inspired by the reducible oxide-supported metal
catalytic system, we speculate that the reason for the different catalytic behaviors of ZrO2-based catalysts
might be the different surface structures of catalysts. Compared to CeO2 and TiO2, ZrO2 is more difficult
to reduce. Whether oxygen vacancies are formed on the Ni/ZrO2 catalyst, and whether those oxygen
vacancies affect catalytic performance in MA hydrogenation, until now, remains unclear.

Therefore, in an effort to better understand the formation of oxygen vacancies on Ni/ZrO2

catalysts and the effect of oxygen vacancies on MA hydrogenation, we prepared two Ni/ZrO2 catalysts
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with different surface structures and tested their catalytic performance in MA hydrogenation. The
results are presented in this paper.

2. Experimental Section

2.1. ZrO2 Preparation

ZrO2 (P) was prepared as follows [32]: firstly, a white precipitate was obtained by refluxing a mixture
of a 0.5 M solution of zirconyl nitrate (ZrO(NO3)2 ·2H2O; >45.0% ZrO2, Beijing Chemicals, Beijing, China)
at 100 ◦C for 240 h; during the process the solution pH value maintained at 1.5 by dropwise addition
of ammonia solution. Then, the obtained precipitate was transferred into a Teflon-lined, stainless-steel
autoclave (100 mL) and heated in an oven at 110 ◦C for 4 h. The final precipitate was washed with
absolute alcohol until pH = 7, and then dried at 110 ◦C for 12 h before being calcined at 400 ◦C for 4 h.

ZrO2 (H) was prepared using a hydrothermal method [33]. It was synthesized at 140 ◦C under
autogenous pressure for 2.5 h in a Teflon-lined stainless-steel autoclave (100 mL), which contained
solutions (80 mL) of urea (CO(NH2)2; >99.9%, Beijing Chemicals, Beijing, China) and zirconyl nitrate
(ZrO(NO3)2·2H2O; >45.0%, Beijing Chemicals, Beijing, China). The concentration of Zr4+ in the solutions
was 0.2 M, and the urea/Zr4+ molar ratio was 10. The resulting precipitates were washed with absolute
alcohol until they reached pH = 7, dried at 110 ◦C for 12 h, and then calcined at 400 ◦C for 4 h.

2.2. Ni/ZrO2 Preparation

NiO/ZrO2 catalysts were prepared using the impregnation method. Typically, 1.0 g of ZrO2 was
added to an aqueous solution, consisting of 0.5476 g of nickel nitrate and 2.2 mL H2O, under vigorous
stirring, after which the sample was dried at 120 ◦C for 12 h, and then calcined in air at 450 ◦C for 3 h.
After the calcination treatment, the sample was denoted as NiO/ZrO2. Following that, the samples
were reduced at 400 ◦C for 3 h in an H2 flow (30 mL/min), denoted as Ni/ZrO2.

2.3. Structure Characterizations

The nickel content in the Ni/ZrO2 catalysts was determined using inductively coupled plasma
(ICP) on an iCAP 7400 ICP-OES (Thermo Fisher Scientific, Waltham, MA, USA).

The specific surface areas of the ZrO2 and ZrO2 supported catalysts were measured by N2

physisorption, at −196 ◦C, and using an ASAP-2020 instrument (Micromeritics, Atlanta, GA, USA).
X-ray diffraction (XRD) of the samples (ZrO2 support, NiO/ZrO2 and Ni/ZrO2) was performed

using an X-ray diffractometer (Bruker D8 Advance, Karlsruhe, Germany) with Cu Kα radiation (λ =
1.54056 Å). The operating voltage and current were 40 kV and 40 mA, respectively.

Raman spectra were obtained using a Lab RAM HR Evolution Raman microscope (Horiba
Scientific, Paris, France). The visible and UV Raman spectra were obtained using Ar+ (532 nm) and
He-Cd lasers (325 nm) as excitation sources, respectively. A quantitative determination of the tetragonal
phase x(T) content, present in each sample, was estimated using the following equation [34]:

X(T) = I(T)/[I(T) + I(M)]

where I(T) represents the added intensities of the two bands at ~148 and 269 cm−1, which are
characteristic of the tetragonal phase, and I(M) denotes the added intensities of the two bands at
178 and 191 cm−1, and which are associated with the monoclinic phase.

The high-resolution transmission electron microscopy (HRTEM) images were measured on a JEOL
JEM-2010 (Tokyo, Japan), which operated at 200 kV. Before taking the measurements, the NiO/ZrO2

samples were reduced at 400 ◦C for 3 h in H2 flow (30 mL/min) and then cooled to room temperature.
Following that, the samples were transferred to a beaker containing anhydrous ethanol under
N2 protection. Then, the samples were ultrasonically dispersed in ethanol and supported on a
carbon-coated copper grid. High-angle annular dark-field scanning transmission electron microscopy
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(HAADF-STEM) and energy dispersive spectrometer (EDS) mapping images of the samples were
obtained using a JEOL JEM-2010F (Tokyo, Japan) at 200 kV.

X-ray photoelectron spectroscopy (XPS) measurements were taken using a Kratos AXIS Ultra DLD
spectrometer (Manchester, UK) with a monochromatic Al Kα (1486.6 eV) irradiation source. The X-ray gun
operated at 150 W. The survey spectra were recorded with a pass energy of 160 eV, and the high-resolution
spectra were recorded with a pass energy of 40 eV. The sampling area was 300 × 700 μm2. The binding
energy was corrected by setting the C1s peak to 284.6 eV. For the ZrO2 samples’ test, they were placed into
an XPS sample cell, which was then pumped down to 10−8 Pa before the spectra were recorded. For the
test of the Ni/ZrO2 sample, the NiO/ZrO2 samples were first placed into an XPS sample cell, reduced
at 400 ◦C for 3 h, and then cooled down to room temperature in H2 flow (30 mL/min). Subsequently,
the sample cell was pumped down to 10−8 Pa, and then the spectra were recorded.

H2 temperature-programmed reduction (H2-TPR) was performed on a Micromeritics Auto Chem
II 2920 (Atlanta, GA, USA) equipped with a thermal conductivity detector to determine the reducibility
of the catalysts. First, 30 mg of Ni/ZrO2 sample were treated in Ar at 300 ◦C for 1 h and then cooled to
50 ◦C. Subsequently, the H2-TPR profiles were recorded while heating the samples in H2/Ar (10% v/v)
with 50 mL/min of gas flow, from 50–700 ◦C at a ramp of 10 ◦C/min.

H2 temperature-programmed desorption (H2-TPD) measurements were carried out on the same
apparatus as was used for the H2-TPR (Micromeritics Auto Chem II 2920, Atlanta, GA, USA). First,
a 100 mg NiO/ZrO2 sample was first in situ reduced at 400 ◦C for 3 h in pure H2 and then cooled
down to 50 ◦C. It was then purged with Ar for 1 h at 50 ◦C to remove the excess hydrogen adsorbed on
the surface. H2/Ar (10% v/v) was then injected at 50 mL/min until saturation. Ar was used to flush
the sample until the baseline was stable. H2-TPD profiles were recorded up to 700 ◦C at a heating rate
of 10 ◦C/min.

In-situ FT-IR spectra of cyclohexanone were collected on a spectrometer (Bruker Tensor 27,
Karlsruhe, Germany). 0.02 g NiO/ZrO2 sample were placed into an IR cell. Prior to the adsorption of
cyclohexanone, the sample was reduced at 400 ◦C for 3 h in H2 flow (30mL/min) and then cooled to
210 ◦C. Following that, the IR cell containing the samples was pumped down to <6 ×10−3 Pa and a
spectrum was recorded as the background. Gas cyclohexanone molecules were then introduced to the
IR cell for the adsorption for 60 min. It was then desorbed, via vacuum pumping down to <6 ×10−3 Pa.
The spectra were recorded with a resolution of 2 cm−1.

2.4. Catalytic Activity Tests

The catalytic performances of the Ni/ZrO2 catalysts in the hydrogenation of MA were measured
in a batch reactor (100 mL) with mechanical agitation at 210 ◦C and 5 MPa of H2 pressure. Before the
test, the catalysts were pre-reduced using a stream of H2 (30 mL/min) in a quartz tube at 400 ◦C for
3 h and then cooled down to room temperature. Meanwhile, the MA (4.9 g) and THF (the purity
of THF ≥ 99.99%, H2O ≤ 20 ppm) were charged in the autoclave. Then, the reduced catalyst (0.1 g)
(40–60 mesh) was charged in the autoclave under N2 protection. Before each run, the autoclave was
sealed and flushed with N2 three times and H2 five times to achieve a system pressure of 5 MPa.
The reactor was heated to 210 ◦C, and the agitator operated at 400 rpm.

Different solvent such as 1,4-dioxane, cyclohexane were investigated. The results showed that
the hydrogenation products were SA and GBL, with no THF and other products being detected.
The carbon balance was between 95 and 105%. When THF was used as solvent, products SA and GBL
are detected, and the carbon balance calculated based on the sum of SA and GBLwas between 95 and
105%. This suggest that there were no deep hydrogenation products like THF, BDO produced using
THF as solvent for the present Ni/ZrO2 catalysts system.
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The samples obtained from the reactor were analyzed using a gas chromatograph (Agilent, 7890B,
Palo Alto, CA, USA) equipped with a DB-5 capillary column and FID detector. The conversion of MA
and the selectivity to the product were calculated using the following equations:

Conversion (MA) = (MAin − MAout)/MAin × 100%

Selectivity (i) = Producti, out/∑producti, out × 100%

where MAin, MAout and Producti,out represent the molar concentration of the inlet reactant, outlet
reactant, and outlet product of species i, respectively.

3. Results

3.1. X-Ray Powder Diffraction (XRD) Patterns

The crystalline structures of the ZrO2 supports and the corresponding supported nickel catalysts
were examined using XRD (Figure 2). This showed that the ZrO2 (P) and ZrO2 (H) possessed the
characteristic lines of a mixture of monoclinic (JCPDS 65-1023) and tetragonal (JCPDS 81–1544) zirconia.
The Rietveld method was used for diffraction peak deconvolution, and the calculated content of each
phase is listed in Table 1 [35]. The results showed that there was a higher tetragonal phase (t-ZrO2)
content for ZrO2 (P) than that for ZrO2 (H). The crystallite size of the ZrO2 (P) and the ZrO2 (H)
calculated using the Scherrer equation are 16 and 10 nm, respectively. Based on “nanoparticle size
effect” [36], the tetragonal phase can be stabilized at room temperature below a critical size (30 nm),
which is due to the generation of excess oxygen vacancies; therefore, it could be supposed that more
oxygen vacancies existed in ZrO2 (P) than in ZrO2 (H).

 
Figure 2. X-ray powder diffraction patterns of (a) ZrO2 (P) support and supported Ni catalysts and
(b) ZrO2 (H) support and supported Ni catalysts.

Figure 2 showed that new peaks appeared in the diffraction patterns of the NiO/ZrO2 (P) and
NiO/ZrO2 (H) samples, which were attributed to crystalline NiO species (JCPDS 22-1189). The calculated
mean crystallite size of NiO in the NiO/ZrO2 (P) was approximately 16 nm, which was smaller than the
26 nm of the NiO/ZrO2 (H) (Table 1). For the reduced Ni/ZrO2 (P) and Ni/ZrO2 (H) catalysts, the NiO
characteristic diffraction peaks disappeared accompanied by the appearance of Ni characteristic peaks.
The calculated mean crystallite size of Ni in the Ni/ZrO2 (P) was approximately 18 nm, while that of
Ni/ZrO2 (H) grew to 40 nm. The crystallite size of ZrO2 was unchanged, even after calcination and
reduction treatment for either the Ni/ZrO2 (P) or Ni/ZrO2 (H) catalysts.
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3.2. Raman Spectra

Raman spectroscopy was used to further detect the microstructures of the samples due to its
sensitivity to oxygen displacement and intermediate range order of the samples [37]. Excitation
wavelengths of 325 and 532 nm were used to detect the phases, from the surface to the deeper inner
part of the catalyst, which resulted from light absorption and light scattering {I∝(1/λ)4} [38]. When
excited by the 532 nm laser (Figure 3a), both the ZrO2 (H) and ZrO2 (P) exhibited intense bands of
Ag at 178 and 191 cm−1, Bg at 222, 333, and 382 cm−1, Ag at 476 cm−1, and Bg at 615 cm−1, which
were assigned to the monoclinic ZrO2 (m-ZrO2) and the band Eg at 269 cm−1, which was ascribed to
tetragonal ZrO2 (t-ZrO2) [39].

The quantitative determination of the tetragonal phase content of each sample is shown in Table 1.
The content of tetragonal phase for ZrO2 (P) was 23%—higher than the 11% of ZrO2 (H)—showing that
more oxygen vacancies existed in ZrO2 (P) than in ZrO2 (H). With 325 nm laser excitation (Figure 3b),
both the ZrO2 (H) and the ZrO2 (P) revealed a monoclinic ZrO2 stretching peak. The difference is that
the band of Eg was at 269 cm−1 for ZrO2 (H), while a band centered at 256 cm−1 appeared for ZrO2 (P).
The peak, centered at 269 cm−1, was a typical characteristic peak for the tetragonal phase and showed
the characteristics of an asymmetric Zr-O-Zr stretching mode [40]. It was reported that the shift of this
peak to a lower wavenumber is due to the movement of oxygen [41]. The calculated results of the XRD
and the 532 nm Raman spectroscopy showed that the tetragonal phase content in the ZrO2 (P) was
higher than that in the ZrO2 (H). Thus, the peak at 256 cm−1 is ascribed to a decrease in the symmetry
of the tetragonal phase structure, which was caused by the higher number of oxygen vacancies.

Figure 3. Raman spectra of ZrO2 supports and NiO/ZrO2 catalysts excited at 532 and 325 nm.
� denotes monoclinic ZrO2; � denotes tetragonal ZrO2. (a) Raman spectra of ZrO2 supports excited
at 532 nm, (b) Raman spectra of ZrO2 supports excited at 325 nm, (c) Raman spectra of NiO/ZrO2

samples excited at 532 nm, (d) Raman spectra of NiO/ZrO2 samples excited at 325 nm.

As shown in Figure 3d, the NiO/ZrO2 (H) and NiO/ZrO2 (P) catalysts exhibited typical
monoclinic phase behavior with no discernible differences at 325 nm laser excitation. Upon being
excited by a 532 nm laser, stronger and more well-defined Raman peaks were obtained (Figure 3c),
which gave accurate overall structure information of the NiO/ZrO2 samples. For the NiO/ZrO2

(H), the Raman spectrum is dominated by strong bands which were attributed to m-ZrO2 and a less
prominent broad band at 257 cm−1. The slight shift of the band from 269 cm−1 for ZrO2 (H) to 257 cm−1
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for NiO/ZrO2 (H) could be ascribed to the increase in the number of oxygen vacancies. This was most
likely caused by the interaction between nickel species and ZrO2 (H). The NiO/ZrO2 (P) spectrum
showed only broad continuum lines with poorly defined bands maxima at 245, 448 and 620 cm−1.
which were attributed to a breakdown of the wave-vector selection rule by translational disorder
caused by the random substitution of vacancies or cations [42]. This meant that the interaction between
the nickel species and ZrO2 (P) support was stronger, which led to a disordered tetragonal structure.

A comparison of the XRD and Raman results showed no discernible change in the ZrO2 structure
after the nickel loading in the XRD, whereas the Raman spectra exhibited significant changes in the
tetragonal structure for the NiO/ZrO2 (P) and NiO/ZrO2 (H) catalysts, which also provides strong
evidence that Raman is more sensitive to the intermediate range structures, while XRD characterizes
the long-range ordering of the structures.

3.3. High-Resolution Transmission Electron Microscopy (HRTEM) Images

HRTEM images of the Ni/ZrO2 catalysts are shown in Figure 4. Metallic Ni with lattice spacings of
0.17 and 0.20 nm were observed for both the Ni/ZrO2 (P) and Ni/ZrO2 (H) catalysts. It is noticeable that
the interface between the Ni nanoparticles and the ZrO2 (P) substrate was a coalesced heterostructure,
as shown in Figure 4a (and enlarged in Figure 4b). The Ni nanoparticles are embedded into a
large ZrO2 (P) substrate, with an irregular borderline emerging in the disordered interface region.
The lattice spacing of the t-ZrO2 (101) increased from 0.29 to 0.30 nm, indicating that some of the
nickel ions incorporated into the t-ZrO2 lattice through Ni2+ dissolution into ZrO2 (P) or were located
at the interstitial sites, resulting in the formation of a Ni-O-Zr structure, and thereby causing lattice
expansion [43]. This shows that there was a strong interaction between the closely contacted nickel
species and the t-ZrO2 for the Ni/ZrO2 (P), which agrees with the Raman results. However, unlike the
Ni/ZrO2 (P), there were large Ni particles surrounded by small ZrO2 (H) particles for the Ni/ZrO2

(H) catalyst without the appearance of coalesced structures, as shown in Figure 4d, but with a loosely
contacted region at the interfaces (Figure 4e). As shown in Figure 4c,f, smaller nickel particles were
uniformly dispersed on the ZrO2 substrate for the Ni/ZrO2 (P) catalyst, while the nickel particles were
aggregated around the ZrO2 particles for the Ni/ZrO2 (H) catalyst.

 

Figure 4. High-resolution transmission electron microscopy (HRTEM) images of (a) Ni/ZrO2 (P) and
(d) Ni/ZrO2 (H). Enlarged selected area HRTEM images of (b) Ni/ZrO2 (P) and (e) Ni/ZrO2 (H).
HAADF-STEM images and corresponding EDS elemental mapping images of (c) Ni/ZrO2 (P) and
(f) Ni/ZrO2 (H).
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3.4. H2 Temperature-Programmed Reduction (H2-TPR)

The H2-TPR profiles of ZrO2 (P), ZrO2 (H), and their corresponding supported nickel catalysts are
presented in Figure 5. No reduction peaks were observed for ZrO2 (H), while ZrO2 (P) exhibited
an obvious reduction peak at 540 ◦C, indicating that ZrO2 (P) was more easily reduced. It was
reported that surficial O atoms at low-coordinated sites are easily removed, and that oxygen vacancies
facilitate the activation and transportation of active oxygen species, thereby promoting the reducibility of
ZrO2 [44]. From this perspective, the reducibility of ZrO2 (P) originated from its special surface structure,
more low-coordinated oxygen ions and oxygen vacancies on the surface of ZrO2 (P). Furthermore, these
low-coordinated sites introduce defective states in the band gap and enhance the interaction with the
deposited metal catalysts [44,45]. This is consistent with our Raman and HRTEM experiment results—i.e.,
nickel species have a stronger interaction with the ZrO2 (P) support. Furthermore, it can be understood
that the stronger interaction between nickel species and ZrO2 (P) originates from the abundance of
low-coordinated oxygen ions and oxygen vacancies on the surface of ZrO2 (P).

 
Figure 5. H2-TPR profiles of ZrO2 supports and NiO/ZrO2 catalysts.

The NiO/ZrO2 (H) showed a sharp reduction peak centered at 303 ◦C with a minor shoulder
peak at 400 ◦C. The H2 uptake peak at 303 ◦C was attributed to the reduction of large NiO that had
weak interactions with the support [46]. For the NiO/ZrO2 (P) sample, three H2 uptake peaks were
observed at 338, 390, and 540 ◦C. The first peak was assigned to the reduction of NiO particles with
weak interactions with the support. The second peak was related to the NiO exhibiting a relatively
strong interaction with the support. Compared to the profile of the ZrO2 (P), the reduction peak at
540 ◦C could be attributed to the reduction of ZrO2 [46]. The reduction temperature of the NiO/ZrO2

(P) was much higher than that of the NiO/ZrO2 (H), indicating the presence of strong interactions
between the nickel species and the ZrO2 (P). The strong interaction between the nickel species and
support could hinder the migration of nickel species during the calcination and reduction procedure.
In this way, smaller Ni particles could be obtained in the NiO/ZrO2 (P) sample. These findings were
in in line with the results of XRD and HRTEM.

3.5. XPS Characterization

To explore the properties of the oxygen vacancies on the ZrO2 support and their changes after
loading nickel, XPS was conducted. It is widely accepted that a neutral O vacancy introduces two
extra electrons in the lattice, which can be localized either in the created vacancy or in nearby cation
sites. In ZrO2, the extra charge is trapped in the vacancy site rather than reducing the nearest Zr ions.
Hence, there were three favored charge states for oxygen vacancies existed on surface of the ZrO2:
a neutral oxygen vacancy with the two electrons remaining at the oxygen vacancy, a singly charged
oxygen vacancy, and a doubly charged oxygen vacancy [44]. Due to the decrease in charge density,
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an increase in the O1s binding energy for the singly-charged oxygen and the doubly-charged oxygen
vacancies is inevitable, while the neutral oxygen vacancy peak likely lies at or near the same position
as the lattice oxygen ion peak. In K. T. Leung’s work on XPS fitting [47], oxygen vacancies were fitted
into two types of oxygen vacancies, and the changes in the oxygen vacancies’ electronic properties
were expounded more clearly. In line with this earlier research, the O1′s spectra from the samples
in this study were analyzed, using curve fitting and four peaks were assigned to the lattice oxygen
(O’), singly charged oxygen vacancies (O”), doubly charged oxygen vacancies (O”’), and the hydroxyl
or/and carbonates groups (O””) on ZrO2 (Figure 6).

 

Figure 6. O 1s XPS spectra of the ZrO2 supports and Ni/ZrO2 catalysts: (a) ZrO2 (P), (b) ZrO2(H),
(c) Ni/ZrO2 (P), and (d) Ni/ZrO2 (H).

Table 2 shows summary details for the binding energy and the surface atomic concentration that
was calculated by integrating different oxygen species’ peak areas. Two forms of oxygen vacancies
were centered at 531.0 (BE2) and 531.9 eV (BE3), which corresponded to the singly and doubly charged
oxygen vacancies on the ZrO2 (P), respectively. For the ZrO2 (H), the binding energies of the singly
and doubly charged oxygen vacancies were centered at 530.8 (BE2) and 531.7 eV (BE3), respectively.
The different binding energies, shown for the same types of oxygen vacancies on the ZrO2 (P) and the
ZrO2 (H), illustrate that the electron properties of the oxygen vacancies on the ZrO2 (P) and the ZrO2

(H) are different. The oxygen vacancy concentration of the ZrO2 (P) was 33.1%—much higher than
that of the ZrO2 (H) (24.5%). This was consistent with the XRD and Raman results. A comprehensive
analysis of the above characterization results shows that the ZrO2 support, with a higher concentration
of electron-deficient oxygen vacancies and low coordination oxygen ion on the surface, demonstrates
much stronger interactions with the Ni species.
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Table 2. The binding energy of O 1s lines and the corresponding surface atomic concentration of ZrO2

supports and Ni/ZrO2 catalysts.

Samples
Binding Energy (eV) I (%)

BE1 BE2 BE3 BE4 I1 (%) I2 (%) I3 (%) I4 (%) I2 + I3 (%)

ZrO2 (P) 529.7 531.0 531.9 532.8 62.9 21.2 11.9 4.0 33.1
ZrO2 (H) 529.8 530.8 531.7 532.8 71.0 11.6 12.9 4.5 24.5

Ni/ZrO2 (P) 529.8 530.8 531.7 532.8 71.8 10.1 14.6 3.5 24.7
Ni/ZrO2 (H) 529.8 531.0 531.9 532.8 70.5 13.4 13.0 3.1 26.4

After nickel loading, the binding energy of O” for the Ni/ZrO2 (P) shifted from 531.0 to 530.8 eV,
and the binding energy of O”’ shifted from 531.9 to 531.7 eV. Meanwhile the total oxygen vacancy
concentration decreased significantly, from 33.1% to 24.7%. This was potentially because a small
amount of the nickel species entered into the oxygen vacancies, and the oxygen vacancies bore
extra charges for the charge balance in the Ni-O-Zr like structure [48]. However, the binding energy
of O” and O”’ increased from 530.8 and 531.7 eV to 531.0 and 531.9 eV, respectively, after ZrO2

(H) loading nickel. Additionally, the total oxygen vacancy concentration increased slightly when
compared to that of the ZrO2 (H) support. This was because the Ni0 particles, which were first reduced,
promoted the generation of additional oxygen vacancies at the Ni/ZrO2 interface and caused local
structural deformation around the vacancy, which has been observed in Raman characterization [49].
Furthermore, the oxygen vacancies that were promoted by the Ni0 exhibited lower charge densities,
and were different from the inherent oxygen vacancies of the ZrO2 (H).

Figure 7 shows the Ni 2p XPS spectra of the Ni/ZrO2 catalyst. Three different chemical states
of nickel were found in the Ni 2p3/2 XPS spectra. In the Ni 2p3/2 XPS spectra, the binding energy
of the Ni0 was situated at 852.2 eV [50], and the relative amount of Ni0 species on the Ni/ZrO2 (P)
was 57.8%, which was almost equal to that on the Ni/ZrO2 (H) (58.4%) (Table 3). Two other peaks
appeared for the Ni/ZrO2 (P): one at 853.9 eV was attributed to Ni2+, in the form of NiO, and the
other, at 855.6 eV, was attributed to Ni2+, in the form of oxide and hydroxide phases [50]. For the
Ni/ZrO2 (H), the corresponding binding energy of the above two peaks shifted to 853.0 and 855.1 eV,
respectively. The higher binding energy of the nickel species in the Ni/ZrO2 (P) further confirmed that
nickel species have a stronger interaction with ZrO2 (P).

Figure 7. Ni 2p XPS spectra of Ni/ZrO2 catalysts: (a) Ni/ZrO2 (P) and (b) Ni/ZrO2 (H).
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Table 3. Binding energy of Ni 2p lines and the corresponding surface concentration of
Ni/ZrO2 catalysts.

Samples
Ni0

(Ni 2P3/2)
NiO

(Ni 2P3/2)
Ni2+

(Ni 2P3/2)
C(Ni0)
(%)

C(NiO)
(%)

C(Ni2+)
(%)

Ni/ZrO2 (P) 852.2 853.9 855.6 57.8 22.5 19.7
Ni/ZrO2 (H) 852.2 853.0 855.1 58.4 19.2 22.4

3.6. Catalytic Performances of Ni/ZrO2 (P) and Ni/ZrO2 (H) Catalysts

The hydrogenation of MA over the Ni/ZrO2 (P) and Ni/ZrO2 (H) catalysts was performed in
a batch reactor at 210 ◦C and 5.0 MPa of H2 pressure (Figure 8). The hydrogenation products were
SA and GBL, with no other deep hydrogenation products or by-products being detected. Figure 8a
shows that the Ni/ZrO2 (P) exhibited a slightly higher MA conversion at the initial reaction stage.
With a reaction time of 20 min, the conversion of MA for the Ni/ZrO2 (P) catalyst was 51%, while
that for the Ni/ZrO2 (H) was 40%. MA conversion reached 100% for the Ni/ZrO2 (P) and Ni/ZrO2

(H) catalysts within 60 min. The product distribution was significantly different for the two catalysts,
in the prolonged hydrogenation process which took 480 min. As shown in Figure 8b, the initial
hydrogenation product was SA for the two catalysts before MA conversion reached 100%. As the time
of the stream increased, the selectivity of the SA decreased gradually. This was accompanied by a
gradual increase in the GBL selectivity over the Ni/ZrO2 (H) catalyst. The GBL selectivity reached up
to as much as 43.5% after 480 min. However, the SA selectivity decreased slightly over Ni/ZrO2 (P)
catalyst, and the GBL selectivity was only 2.8% after 480 min over Ni/ZrO2 (P) catalyst.

 
Figure 8. The MA conversion (a) and selectivity of SA and GBL (b) over the Ni/ZrO2 (P) (solid symbols)
and Ni/ZrO2 (H) (open symbols) catalysts at 210 ◦C under 5 MPa for 480 min.

The above results showed that hydrogenation of MA to GBL was carried out in two successive
reaction processes over the Ni/ZrO2 catalysts—the hydrogenation of MA to SA, followed by the
hydrogenation of C=O in SA to produce GBL. Before the MA conversion reached 100%, the hydrogen
product was SA for the Ni/ZrO2 (P) and Ni/ZrO2 (H) catalysts. Furthermore, the Ni/ZrO2 (P) catalyst
exhibited a slightly higher C=C bond hydrogen activity. However, the C=O hydrogenation activity of
the Ni/ZrO2 (P) was much lower than that of the Ni/ZrO2 (H) catalyst. A 43.5% yield of GBL was
obtained over the Ni/ZrO2 (H) catalyst at 210 ◦C and 5 MPa of H2 pressure, while only 2.8% yield of
GBL was obtained over the Ni/ZrO2 (P) catalyst under the same reaction conditions. Even enhancing
the reaction temperature or reaction pressure, the Ni/ZrO2 (H) catalyst exhibited enhanced activity in
C=O hydrogenation, whereas the Ni/ZrO2 (P) catalyst still showed extremely low C=O hydrogenation
activity (Table 4).
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Table 4. MA conversion and GBL selectivity over the Ni/ZrO2 (P) and Ni/ZrO2 (H) catalysts under
different temperature and pressure conditions for 480 min.

Catalysts Temperature (◦C) Pressure (MPa) Conv. (%) GBL Selec. (%)

Ni/ZrO2 (P)
210 5 100 2.8
240 5 100 4.9
210 7 100 3.2

Ni/ZrO2 (H)
210 5 100 43.5
240 5 100 60.6
210 7 100 46.2

3.7. H2 Temperature-Programmed Desorption (H2-TPD)

For the hydrogenation reaction catalyzed by metallic nickel, the surface area of nickel plays a
crucial role, as hydrogen dissociation always occurs on active metallic Ni0 sites. To explore the reasons
for the significant differences in C=O hydrogenation activity between the Ni/ZrO2 (P) and Ni/ZrO2

(H) catalysts, H2-TPD characterization was conducted to investigate the activating hydrogen ability
of the two catalysts. As shown in Figure 9, only one peak centered at 80 ◦C was detected for the
Ni/ZrO2 (H) catalyst. This was assigned to desorption of H which was weakly adsorbed on the Ni
surface [51]. Compared to the Ni/ZrO2 (H) catalyst, the Ni/ZrO2 (P) exhibited two H desorption
peaks: at lower temperature (~80 ◦C) and higher temperature (~206 ◦C) H desorption peaks. The new
peak at the higher temperature originated from the more strongly chemisorbed H [51]. According to
the literature [50], H2-TPD peaks at temperatures below 300 ◦C can be attributed to the desorption of
H from the surface of Ni. Our calculations showed that the amount of H desorption for Ni/ZrO2 (P)
was 1.12 times that of Ni/ZrO2 (H) below 210 ◦C, which is consistent with the assumption that smaller
Ni particles provide more hydrogen activation sites.

 
Figure 9. H2-TPD profiles of Ni/ZrO2 catalysts.

Generally, the more adsorption and activation hydrogen sites on the catalyst, the higher of
the hydrogenation activity. The H2-TPD characterization results showed that the Ni/ZrO2 (P)
catalyst possessed more hydrogen adsorption and activation sites, yet it exhibited only slight
C=O hydrogenation activity. Therefore, it is surmised that the major reason for the different C=O
hydrogenation activities between the two catalysts was their different adsorption and activation
abilities for C=O.

3.8. In-Situ FT-IR Spectra

In order to explore the adsorption and activation abilities towards the C=O of the catalysts,
in-situ FT-IR was investigated over two Ni/ZrO2 catalysts using cyclohexanone as a probe molecule.
In Figure 10, the peak centered at 1712 cm−1 was assigned to the C=O stretching vibration of pure
cyclohexanone. Compared with the pure cyclohexanone, a significant redshift of the C=O stretching
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vibration peak occurred over the Ni/ZrO2 (H) catalyst even down to 1627 cm−1, while the peak
corresponding to the C=O bond for the Ni/ZrO2 (P) catalyst was weak and located at 1700 cm−1.
The two catalysts exhibited significantly different adsorption and activation properties towards C=O
bonds. The much larger shift of the C=O bond indicated the weakening of the C=O bond and thereby
the activation of them on surface of Ni/ZrO2 (H) catalysts [52]. No obvious shift occurred on the
Ni/ZrO2 (P) catalyst, and the peak area was extremely small, indicating that the Ni/ZrO2 (P) catalyst
had very weak adsorption and activation abilities towards C=O.

 
Figure 10. In-situ FT-IR of cyclohexanone (a) pure cyclohexanone, (b) cyclohexanone adsorbed on
Ni/ZrO2 (P), (c) cyclohexanone adsorbed on Ni/ZrO2 (H).

4. Discussion

Generally, the catalytic performance of supported catalysts is intrinsically linked to the active
metal sites and supports, including the active metal and metal-support interactions. As concerns
hydrogenation reaction, it is well documented that H2 can be dissociated over metal surfaces to generate
active hydrogen, and a subsequent hydrogenation occurs with reactant molecules [53]. From this
perspective, a catalyst with smaller metal nanoparticles should possess more accessible catalytically
active sites and, consequently, exhibit higher hydrogenation activity. In this study, the Ni/ZrO2 (P)
catalyst exhibited stronger metal-support interaction than the Ni/ZrO2 (H) catalyst because of its
greater number of oxygen vacancies and low-coordinated oxygen ions on the surface. Thus, smaller
Ni particles were obtained on Ni/ZrO2 (P) catalyst. Furthermore, the H2-TPD result illustrates that
the Ni/ZrO2 (P) catalyst possessed a higher metal Ni surface area and more hydrogen activation sites.
In the MA hydrogenation reaction, the Ni/ZrO2 (P) catalyst also exhibited a higher C=C hydrogenation
activity, which was predictable and understandable. However, the C=O hydrogenation activity of the
Ni/ZrO2 (P) catalyst was much lower than that of the Ni/ZrO2 (H) catalyst. A 43.5% yield of GBL
was obtained over the Ni/ZrO2 (H) catalyst, while 2.8% yield only (of GBL) was obtained over the
Ni/ZrO2 (P) catalyst under the same reaction conditions. Similar behavior was observed when we
investigated the catalyst performances of MA hydrogenation over the Ni/ZrO2(P) and Ni/ZrO2(H)
catalysts with 5 wt % nickel loading. The Ni crystalline size for Ni/ZrO2 (P) catalyst with 5 wt % nickel
loading was 9 nm while that for Ni/ZrO2 (H) catalyst was 10 nm (Figure S1). Two catalyst possessed
the similar crystalline size, whereas their catalytic performance was quite different (Table S1). The yield
of GBL for Ni/ZrO2 (P) catalyst with 5 wt % nickel loading was still very low, only 2.1%. While that for
Ni/ZrO2 (H) catalyst with 5 wt % nickel loading was 20.8%. The above results demonstrate that the
C=O hydrogenation activities of the catalysts did not correlate well with the hydrogen activating ability
of the catalyst or the Ni crystalline size. This strongly suggests that, in addition to the catalytic ability
of metal Ni, other factors influenced the C=O hydrogenation activity for the studied ZrO2-supported
nickel catalyst system.

The results of in-situ FT-IR of adsorbed cyclohexanone showed that the Ni/ZrO2 (H) catalyst was
able to adsorb and activate C=O groups effectively, whereas the Ni/ZrO2 (P) catalyst exhibited
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extremely weak adsorption and activation abilities for the same groups. The results of this
study’s experiments suggest that the superior catalytic activity of the Ni/ZrO2 (H) catalyst in C=O
hydrogenation can be attributed to its effective activation of the C=O group in the SA molecule.
Hu et al. found that a large number of oxygen vacancies on Mn-containing spinel-supported copper
catalyst contributed to the C=O hydrogenation [54]. Han et al. and Manyar et al. also observed similar
results [55,56]. In our study, the Raman and XPS characterization results showed that the electronic
properties of oxygen vacancies were significantly different on the surface of the Ni/ZrO2 (P) and
the Ni/ZrO2 (H) catalyst. Surface oxygen vacancies on the Ni/ZrO2 (P) catalyst exhibited relatively
electron-rich properties while those on the Ni/ZrO2 (H) catalyst showed relatively electron-deficient
properties. Compared to relatively electron-rich oxygen vacancies, relatively electron-deficient oxygen
vacancies were more likely to interact with lone pair electrons on the oxygen atoms of C=O groups,
and so C=O groups could be activated. Given this, it can be deduced that relatively electron-deficient
surface oxygen vacancies play a key role in promoting the hydrogenation of C=O groups. As concerns
the Ni/ZrO2 (H) catalyst, the oxygen vacancies promoted by Ni0 located at the Ni/ZrO2 interface
exhibited lower charge densities and were more likely to adsorb and activate C=O groups in SA,
thereby weakening the C=O bonds and lowering the energy requirement for hydrogenation and
promoting C=O hydrogenation through their synergy with neighboring Ni particles.

Based on the above results, a plausible, simplified mechanism for C=O hydrogenation over
Ni/ZrO2 is proposed (Figure 11). Relatively electron-deficient oxygen vacancies on surface of Ni/ZrO2

(H) catalyst activate the C=O bonds by accepting a lone pair of electrons from the oxygen atom of
the C=O bonds, and thereby weakening the C=O bonds. Ni particles distributed near the relatively
electron-deficient oxygen vacancies on the Ni/ZrO2 (H) catalyst dissociated H2 to produce active
hydrogen and finish the C=O hydrogenation with the synergism of oxygen vacancies. As long as the
relatively electron-rich oxygen vacancies on surface of Ni/ZrO2 (P) catalyst cannot effectively activate
the C=O bond, it will be difficult to achieve the C=O hydrogenation.

Figure 11. (a) Structure of nickel particles on the ZrO2 (P). (b) Structure of nickel particles on the ZrO2

(H) and hydrogenation of SA on the Ni/ZrO2 (H).

5. Conclusions

This work showed an effective strategy for manipulating product selectivity in MA hydrogenation
through regulating surface structures of Ni/ZrO2 catalysts. The ZrO2 (P) support, with more oxygen
vacancies and low-coordinated oxygen ions on its surface, exhibited much stronger interactions with
nickel species, which resulted in a small number of nickel species entering into oxygen vacancies
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and, thus, forming a Ni-O-Zr structure. This led to a decrease in the oxygen vacancy concentration
and an increase of the average charge densities of the oxygen vacancies, which then produced high
selectivity towards SA from MA hydrogenation. However, ZrO2 (H), which had stable oxygen ions
and fewer oxygen vacancies, showed weaker interactions with nickel species, resulting in large Ni
particles being poorly dispersed on the Ni/ZrO2 (H) and relatively electron-deficient oxygen vacancy
generation promoted by Ni0 particles. Thus, the Ni/ZrO2 (H) exhibited a high selectivity towards GBL.
The high C=O hydrogenation activities for the Ni/ZrO2 (H) catalyst were attributed to the surface
synergy between active metallic nickel species and relatively electron-deficient oxygen vacancies. These
conclusions offer a new strategy for the design of high-efficiency selective hydrogenation catalysts
applied to α, β-unsaturated aldehyde and ketone hydrogenation reactions by modulating the surface
structure of ZrO2 supports.
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Abstract: A series of zeolites with different topology structures, including SAPO-34, SUZ-4, ZSM-5,
USY, MOR, and beta, were used to synthesize polyoxymethylene dimethyl ethers (PODEn) from
dimethoxymethane (DMM) and trioxymethylene (TOM). The influence of acidic properties and
channel systems were studied by activity evaluation, characterization, and theoretical calculation.
The results confirmed that pore mouth diameter larger than a TOM molecule was an essential
prerequisite for the synthesis of PODEn over zeolites, and the synergistic effect between medium-strong
Brønsted acid sites (Brønsted MAS) and the maximal space of zeolites available determined the catalytic
performance of all studied zeolites. DMM and TOM were firstly decomposed into methoxymethoxy
groups (MMZ) and monomer CH2O over Brønsted MAS. Subsequently, the steric constraint of the
maximum included sphere, with an appropriate size in zeolite channels, can promote the combination
of CH2O and MMZ to form transition species ZO(CH2O)nCH3, which reacted with the methyl-end
group to form PODEn over Brønsted MAS. Moreover, the reaction temperature showed different
effects on the product selectivity and distribution, which also mainly depends on the size of the
maximum space available in zeolite channels.

Keywords: zeolites; polyoxymethylene dimethyl ethers; dimethoxymethane; trioxymethylene;
Brønsted acid sites; the maximum included sphere; steric constraint

1. Introduction

The growing consumption of petroleum fuels is one of the major reasons for air pollution and
environmental imbalance. Many efforts have been made to reduce exhaust gas and solid particulate
matter from commercial vehicles. The identification of a highly efficient and clean fuel additive that
could enhance diesel oil combustion efficiency and reduce pollutant emissions would be an economical
and practical solution. Recently, polyoxymethylene dimethyl ethers (PODEn, CH3–O–(CH2–O)n–CH3,
n > 1) have exhibited much potential as diesel additives, due to their high oxygen content, cetane
number, good miscibility, and absence of C–to–C bonds [1–5]. Compared with CH3OH (MeOH),
CH3OCH3 (DME), CH3OCH2OCH3 (DMM), and CH3OCOOCH3 (DMC), PODEn, especially PODE2–8,
can directly blend into traditional diesel without any fuel system modifications and can reduce the
release of NOx and particulate emissions effectively [6–8]. Accordingly, the synthesis of PODEn has
gained much research interest.

PODEn molecules are primarily made up of a methyl-end group and oxymethylene group, which
are usually obtained from methanol (MeOH) or dimethoxymethane (DMM) and formaldehyde (FA) or
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polyformaldehydes (PFn), respectively [4]. A previous investigation of the synthesis of PODEn was
carried out in homogeneous catalytic systems with H2SO4 or CF3SO3H as catalysts, which resulted
in high corrosivity, separation difficulties, and potential environmental damage [9]. Consequently,
various heterogeneous catalysts, including ion exchange resins [10,11], solid oxides [12–14], and
zeolites [15–20], were evaluated for PODEn synthesis, due to their advantages in tunable acidity and
separation properties.

Our previous work found that the MCM-22 zeolite can catalyze MeOH and trioxymethylene
(TOM) to synthesize PODEn, with a PODE3–8 selectivity of 29% at 120 ◦C [17]. However, due to the
water and additional byproducts that were produced with MeOH and TOM or PF as raw materials,
which are detrimental to the desired product properties [21], PODEn synthesis with DMM and TOM
was also studied in detail. A PODE2–8 selectivity of 88.5% and a TOM conversion of 85.3% were
obtained at 120 ◦C over the ZSM-5 catalyst with a Si/Al molar ratio of 580 [15]. In general, the synthesis
of PODEn from DMM and TOM is most likely the result of the following reversible reactions (Figure 1):
The TOM ring decomposes to monomer CH2O, after which CH2O is inserted into DMM one by one to
generate PODEn [4]. Although different zeolites have been developed to synthesize PODEn [15,17,22],
most research has mainly focused on acidity regulation, whereas the influence of zeolite frameworks
and synergistic effect between acidic properties and channel systems remains to be understood.

 
Figure 1. Reaction routes of polyoxymethylene dimethyl ethers (PODEn) synthesis from
dimethoxymethane (DMM) and trioxymethylene (TOM) [4].

The aim of the present investigation was to evaluate the effects of zeolite acidic characteristics
and channel systems on the synthesis of PODEn from DMM and TOM, as well as to further evaluate
the synergistic effect between these two factors. SAPO-34, SUZ-4, ZSM-5, MOR, USY, and beta
zeolites were selected as catalysts, on the basis of similar Si/Al ratios and different framework types.
Experiments were carried out to determine the effects of acidic characteristics and channel systems
at different temperatures on the feedstock conversion, product selectivity, and product distribution.
The observed effects are interpreted in the light of a series of activity evaluations, characterizations,
and theoretical calculations.

2. Materials and Methods

Boehmite(P-D-03) was purchased from Aluminum Corporation of China. Carbon-white (Cab-o-sil
M5) was bought from Cabot Co. Silica sol (40.5 wt% of SiO2) was purchased from Qingdao Haiyang
Chem. Co., Ltd. Triethylamine, phosphoric acid(85 wt %), sodium aluminate (41 wt% of Al2O3,
41 wt% of Na2O), sodium hydroxide (96 wt%), potassium hydroxide, tetraethylammonium hydroxide
(25 wt%), tetrapropylammonium hydroxide(25%) were all obtained from Sinopharm Chemical Reagent
Co., Ltd. All the reagents were used as received without further purification.

SAPO-34, SUZ-4, ZSM-5, and MOR zeolites were synthesized following the procedures reported
in the literature [23–26]. USY (Na-FAU, Si/Al = 12) and beta zeolites (Na-BEA, Si/Al = 10) were obtained
from commercial manufacturers (XFNANO, NanJing, China). All the as-synthesized zeolites were
calcined at 550 ◦C for 10 h under static air to remove the organic template, followed by two rounds
of ion exchange with NH4NO3 solution (1 M) at 80 ◦C. Afterwards, the zeolites were washed with
deionized water, dried at 110 ◦C, and then calcined under static air at 550 ◦C for 10 h to obtain the
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H-form samples. Further experimental details regarding the characterizations and calculations are
provided in the “Supplementary Materials”.

The catalytic performance of zeolites was tested in a stainless steel autoclave lined with Teflon.
In each run, DMM (3.8 g), TOM (2.25 g), and catalysts (0.3 g) were loaded into the 25 mL autoclave.
The mixture was stirred continuously for 45 min and the reaction temperature was controlled between
30 ◦C and 150 ◦C. All products after the reaction consisted of PODEn, unreacted reactants and
byproducts were measured by gas chromatography (GC) and quantitatively analyzed by an internal
standard method in which decane was the internal standard. In order to further ensure the accuracy
of the results, products were also detected by gas chromatography–mass spectrometry (GC–MS).
The conversions of DMM and TOM, denoted as xDMM and xTOM, were calculated by Equations (1) and (2).

xDMM = (mDMM,feed − mDMM,product)/mDMM,feed × 100% (1)

xTOM = (mTOM,feed − mTOM,product − mFA,product)/mTOM,feed × 100%. (2)

The mass selectivity of products was determined by Equation (3)

Mi =mi,product/Σmi × 100%. (3)

For example, MPODE2−8 = mPODE2−8,product/Σmi × 100%, where mPODE2−8 is the mass of PODE2−8

and Σmi is the mass of all the trapped liquid products after the reaction.

3. Results and Discussion

The X-ray diffraction (XRD) patterns (Figure S1) illustrate that the as-synthesized zeolites were
well crystallized with the characteristic peaks of corresponding topology structure [23–26]. SEM images
(Figure S2) further confirm it. The acidities of H-form zeolites were measured by temperature-
programmed ammonia desorption (NH3-TPD) and infrared spectroscopy of pyridine adsorption
(Py-IR) (Figure 2). The Si/Al ratios, surface area, pore volume, detailed weak acid sites (WAS),
medium-strong acid sites (MAS), Brønsted acid sites (BAS), and Lewis acid sites (LAS) were calculated
(Table 1). Two ammonia desorption peaks were observed in the NH3-TPD profiles (Figure 2a), one at
120–250 ◦C and the other at 250–550 ◦C, corresponding to WAS and MAS, respectively. The desorption
temperature of WAS were generally similar for all the samples; however, there was a notable difference
in the desorption temperature of MAS: The higher the desorption temperature, the stronger was the
acidic strength. The acidic strength of MAS gradually decreased in the following order: MOR > SUZ-4
> ZSM-5 > SAPO-34 > USY > beta. Furthermore, the peak intensity represents the density of acid sites
(Table 1).

  

Figure 2. The temperature-programmed ammonia desorption (NH3-TPD) profiles (a) and pyridine
adsorption (Py-IR profiles) (b) of various zeolites.
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The Py-IR of all the zeolites at different temperatures in the region of 1350–1600 cm−1 (Figure S3)
with the profiles at 250 ◦C (Figure 2b) were assessed. Two main characteristic bands of pyridine
adsorbed on BAS (1540 cm−1) and LAS (1450 cm−1) were observed [27–29]. The amounts of BAS
and LAS (Table 1) and their distribution (Figure 2a,b) differ distinctly from the WAS and MAS of the
NH3-TPD characterization, especially for SUZ-4, MOR, and SAPO-34. The total acid site value of
SUZ-4 was 0.840 mmol g−1, but only 0.073 mmol g−1 for BAS and 0.013 mmol g−1 for LAS. The total
acid site value of SAPO-34 was 1.07 mmol g−1, whereas no BAS or LAS were detected. For MOR, the
total acid site value was 1.63 mmol g−1 and BAS was only 0.12 mmol g−1. This difference is mainly due
to variations in zeolite topology structures. SUZ-4 has a channel system that includes 10-membered
ring (MR) channels parallel to the unit cell c-axis, which are intersected by two arrays of 8-MR channels
running in the plane. SAPO-34 contains large cavities, but these cavities are connected by small 8-MR
pore mouths. MOR contains two essentially different channels: Large 12-MR channels and small 8-MR
channels that run in parallel and are connected by 8-MR openings. The diameter of 8-MR is much
smaller than that of the large pyridine molecule (5.3 Å), and thus, prevents its diffusion into zeolite
channels [30]. Therefore, parts of BAS and LAS that are located in 8-MR channels cannot be determined
by pyridine adsorption.

Table 1. Physicochemical and acidic properties of various zeolite samples.

Samples
Physicochemical Properties Acidity by Strength d (mmol g−1) Acidity by Type e (mmol g−1)

Si/Al
Ratio a

SBET

(m2 g−1) c
Vpore

(cm3 g−1)
Weak Medium—Strong Total Brønsted Lewis

USY 10 641 0.372 0.40 0.24 0.64 0.50 0.092
Beta 12 500 0.346 0.53 0.23 0.76 0.25 0.40

ZSM-5 17 368 0.231 0.52 0.47 0.99 0.47 0.086
SUZ-4 6 348 0.337 0.40 0.44 0.84 0.073 0.013

SAPO-34 0.085 b 531 0.302 0.27 0.80 1.07 – –
MOR 15 500 0.259 0.63 1.00 1.63 0.12 0

Notes: a: The Si/Al atomic ratio was determined by inductively coupled plasma atomic emission spectroscopy
(ICP-AES); b: This value was obtained by determining the Si/(Al + P) atomic ratio; c: Surface area (SBET) and total
pore volume (Vpore) were obtained from nitrogen sorption data; d: density of the acid sites, assorted according to
acidic strength, determined by NH3-TPD; medium-strong: NH3 desorbed at 250–550 ◦C; weak: NH3 desorbed at
120–250 ◦C; e: Density of the acid sites, assorted according to the acidic type, determined by Py-IR.

A series of preliminary tests with ZSM-5 as a representative catalyst (Figures S4−S7) illustrated
that a feed DMM/TOM molar ratio of 2 and a catalyst amount of 5 wt% for 45 min are appropriate for
the synthesis of PODEn [15] and that the zeolite particle size has little effect on catalytic performance.
Based on this, the catalytic performance of different zeolites was evaluated as functions of reaction
temperature (Figure 3). Beta, ZSM-5, and MOR displayed very similar trends in selectivity to PODE2−8

(Figure 3c), reaching a maximum selectivity of 83%–87% in the range of 70–90 ◦C. Meanwhile,
TOM conversion increased quickly before 90 ◦C and then continued to rise slowly with reaction
temperature (Figure 3a). DMM conversion increased initially, reaching a maximum value at 90 ◦C,
and then gradually declined (Figure 3b). The byproduct selectivity of the above three zeolites
(Figure 3e−h) were also very similar over the operating temperature range. MeOH and HCHO
(FA) decreased, whereas HCOOCH3 (MF) and CH3OCH3 (DME) increased and turned into primary
products with increasing reaction temperatures.

In contrast, the catalytic performances of SAPO-34, SUZ-4, and USY exhibited great variability.
For SAPO-34 and SUZ-4, a reaction occurred only when the temperature was higher than 100 ◦C.
SAPO-34 exhibited poor catalytic activity, only 47.5% PODE2−8 selectivity and 13.8% PODE2−8 yield
were obtained at 150 ◦C. SUZ-4 was slightly superior to SAPO-34, with 68.8% PODE2−8 selectivity
at 110 ◦C and 48.8% yield at 130 ◦C. Unlike SAPO-34 and SUZ-4, the catalytic performance of USY
gradually increased with a rise of reaction temperature from 30 ◦C to 150 ◦C, and ultimately 80.0%
PODE2−8 selectivity and 72.4% yield were obtained at 150 ◦C. This result implies that USY can achieve
a similar catalytic performance as beta, ZSM-5, and MOR, but only at higher temperatures.
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Furthermore, a detailed PODEn (n = 2–11) distribution over USY and ZSM-5 was assessed
(Figure 4). As the high Si/Al ratio of HZSM-5 proved effective in the synthesis of PODEn from DMM
and TOM [15], ZSM-5 with a Si/Al ratio of 267 was selected as a research object for comparison. The bar
diagrams from bottom to top represent the changing trend of PODE2 to PODE11 selectivity (Figure 4).
The selectivity of PODEn gradually decreased with the increase of n from 2 to 11 at each reaction
temperature. Increasing the Si/Al ratio from 17 to 267 not only increased PODEn selectivity between
70 ◦C and 90 ◦C, but also delayed the rapid selectivity decline at higher temperatures. This indicates
that appropriately decreasing the Al content of ZSM-5 could facilitate increasing long-chain PODEn

selectivity and suppressing certain side reactions at high temperatures. Furthermore, USY exhibits
poor catalytic performance at low temperatures, but exhibits a similar PODEn selectivity between
110 ◦C and 150 ◦C as ZSM-5 with a high Si/Al ratio.

Figure 3. Reactant conversion and product selectivity over different zeolites. : USY; : Beta; ::
ZSM-5; �: SUZ-4; ×: SAPO-34; : MOR; (a): TOM conversion, (b): PODE2-8 selectivity, (c): DMM
conversion, (d): PODE2-8 yield, (e): MeOH selectivity; (f): FA selectivity; (g): MF selectivity; (h):
DME selectivity.
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n

Figure 4. The PODEn product distribution over ZSM-5 and USY. �: ZSM-5 (Si/Al = 17), : ZSM-5
(Si/Al = 267), �: USY (Si/Al = 10), black bar: PODE2, red bar: PODE3, sky-blue bar: PODE4, magenta
bar: PODE5, olive bar: PODE6, blue bar: PODE7, violet bar: PODE8, orange bar: PODE9, wine bar:
PODE10, dark yellow bar: PODE11.

The synthesis of PODEn is an acid-catalyzed reaction. Acidic properties, including the density,
strength, circumstance, and type of acid sites, directly affect the catalytic performance of zeolites.
All the zeolites in this study were relatively similar regarding the desorption temperature of WAS,
but exhibited tremendous variations in MAS (Figure 3a). This suggests that catalytic performance
strongly depends on MAS. Our previous work has also demonstrated that sufficient Brønsted MAS
can effectively promote TOM dissociation and PODEn chain propagation [15].

Although SAPO-34 contains close to 0.80 mmol g−1 MAS, no Brønsted acids were detected that
could cause the very low PODE2−8 yield. Similarly, SUZ-4 contains only 0.073 mmol g−1 Brønsted
acids that result in its poor catalytic activity. In comparison, beta, ZSM-5, and MOR exhibit better
catalytic performance than SAPO-34 and SUZ-4, which should be attributed to more sufficient BAS.
However, it is surprising that USY exhibits completely different catalytic performance that is unlike
any other zeolite. The acidic property of USY is very close to beta in regards to acid strength and acid
density. The desorption temperature of MAS was approximately 350 ◦C, and acid density of USY and
Beta were 0.24 mmol g−1 and 0.23 mmol g−1, respectively. Moreover, the Brønsted acid density of USY
was more than beta. These results indicate that USY should exhibit similar or better catalytic activity
than beta in the same conditions, but obvious differences exist between them. The large differences in
catalytic performance of the above-mentioned zeolite catalysts suggest that Brønsted MAS are not the
only influential factors in the synthesis of PODEn. In other words, zeolite acidic properties cannot
explain the observed differences in zeolite catalytic performance fully. The following paragraphs will
discuss that these differences can be ascribed to differences in channel systems.

Detailed zeolite characteristics (Table 2) were obtained from the International Zeolite Association
(IZA) database of zeolite channel systems and related literature [31,32]. Generally, USY, beta, and MOR
have 12-ring pores and are usually considered large-pore zeolites; ZSM-5 and SUZ-4 have 10-ring
pores and are considered medium-pore zeolites; and SAPO-34 has 8-ring pores and is considered
a small-pore zeolite. The maximum included sphere diameters (Table 2) in each zeolite framework
type are considered the largest hard sphere or the maximum space available and are usually located
inside channel intersections or cage structures and are stationary [32,33].
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Table 2. Structural properties of different zeolite framework types.

Samples
Channel System

Pore Diameter (nm) Channel Structure Maximum Included Sphere Diameter (Å)

USY 0.74 × 0.74 3D, 12-ring 11.18
Beta 0.66 × 0.67 3D, 12-ring 6.62

ZSM-5 0.53 × 0.56 3D, 10-ring 6.30
SUZ-4 0.41 × 0.52 3D, 10-ring 6.27

SAPO-34 0.38 × 0.38 3D, 8-ring 7.31
MOR 0.65 × 0.70 1D, 12-ring 6.64

The pore mouth size of different zeolites is believed to play an important role in the reaction
that occurs in the zeolite pore. BAS were not detected in SAPO-34, which we have ascribed to the
fact that the pyridine molecule is too large (5.3 Å) to pass through the pore mouth (3.8 Å). This also
holds true for the synthesis of PODEn. Theoretical calculations revealed two conformations of the
TOM molecule (Table 3), whose sizes are both larger than 4 Å and thus also larger than the pore
mouth size of SAPO-34 (3.8 Å). This indicates that the TOM molecule cannot enter into the SAPO-34
channel and thus subsequent TOM decomposition and PODEn synthesis cannot occur. That is to
say, the small pore mouth size prevents catalytic performance of SAPO-34, while the poor activity
of SAPO-34 at high temperatures may be attributed to DMM decomposition or disproportionation,
resulting in the formation of PODE2 and other byproducts [33]. This was also illustrated by the DMM
disproportionation over H-ZSM-5 at different temperatures (Figure S8). These results suggest that
the synthesis of PODEn occurs in the zeolite pore and that a pore diameter that is larger than a TOM
molecule is an essential prerequisite for the reaction.

However, pore mouth size is not the decisive factor resulting in the difference in PODEn selectivity
among USY, ZSM-5, MOR, and beta, whose pore mouth sizes are much larger than the TOM molecule.
The maximal included sphere sizes in beta, ZSM-5, MOR, and USY are 6.62 Å, 6.30 Å, 6.64 Å, and 11.18
Å, respectively. The maximum space available is nearly uniform for these zeolites, except USY, which
is at least 1.68 times larger than the other three zeolites [33]. This suggests that the maximum included
sphere in the zeolite channel may be another key factor. Taking into consideration that the adsorption
of reactants onto catalysts is the initial step necessary for the synthesis of PODEn, models of ZSM-5
and USY were built. The adsorption energy of DMM and TOM and the electrostatic interactions of
reacting molecules with the ZSM-5 and USY frameworks were investigated with the density functional
theory method. The acid site is located in the intersection of ZSM-5 or the supercage of USY, which
provides the maximal space available to accommodate various guest molecules.

Table 3. The theoretical molecular size of TOM.

TOM Chair Conformation TOM Boat Conformation

 
H4-H6 4.033 Å H4-H9 4.004 Å
H4-H7 4.033 Å H8-H5 4.004 Å
H6-H7 4.033 Å H8-H9 4.038 Å

The adsorption states of DMM, TOM, and their combination, as well as adsorption energies of
ZSM-5 and USY, were modelled (Table 4). ZSM-5 exhibits much higher adsorption energies than USY,
regardless of the presence of a single reactant or mixture, suggesting that the interactions between
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reactants and ZSM-5 frameworks are more intense and that the synthesis of PODEn should be sensitive
to spatial constraints. The reaction of DMM with the Brønsted acidic protons of the zeolite can lead to the
formation of methoxymethyl species (CH3OCH2OZ MM-Z), and TOM can decompose to CH2O [15,33].
Celik et al. [33] proposed that the steric constraint of the pore walls in the channel intersections of ZSM-5
leads to high DMM disproportionation rates by promoting the methylene hydrogens of the DMM
molecule to interact with the MM-Z. Conversely, the supercage structures of USY allow the hydrogen
donor to remain far from the acceptor, so that the driving force for hydrogen transfer is not as strong.
The steric constraint of the pore walls may also influence TOM decomposition and PODEn synthesis in
a similar manner. The highest PODE2−8 selectivity over ZSM-5 was obtained at 70–90 ◦C (Figure 3c);
however, the main products over USY are MeOH and FA under the same conditions that come from
DMM decomposition and TOM decomposition, respectively. This phenomenon may be explained by
the fact that the steric constraint of the ZSM-5 channel intersections can preferentially promote the
combination of MM-Z and CH2O from DMM and TOM to form long-chain ZO(CH2O)nCH3, which
further combine with the methyl-end group over Brønsted MAS, resulting in the formation of PODEn.
However, the driving force of USY for the combination of intermediate species is not as strong due
to its large size, resulting in poor PODEn selectivity. This can be further validated by calculating the
electrostatic interaction of the DMM and TOM coadsorption complex with the zeolite framework.
In comparison to the supercage of USY, the isosurface plots at the intersection of ZSM-5 exhibited
a larger green region, which represents the electrostatic stabilization effect (Figure 5). This indicates that
the maximum included sphere of ZSM-5 can better stabilize the DMM and TOM coadsorption complex
through an appropriate electrostatic stabilization effect, which promotes their further conversion into
PODEn [34,35]. The density functional theory calculation provided further evidence that the catalytic
activity and product selectivity of various zeolites in converting DMM and TOM to PODEn were
strongly related to the pore mouth size of the zeolite and the interaction between reactants and zeolite
channel systems. The adsorption energy and electrostatic interaction of reacting molecules with SUZ-4,
beta, and MOR in Table S1 and Figure S9 also proved the above argument.

Table 4. Adsorption energy of DMM, TOM, and their combination in ZSM-5 and USY.

Samples DMM TOM DMM + TOM

ZSM-5

−90 kJ/mol −65 kJ/mol −117 kJ/mol

USY

−60 kJ/mol −53 kJ/mol −107 kJ/mol
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( ) ( ) 
Figure 5. Isosurface plots of the reduced density gradient (s = 0.500 a.u.) for the coadsorption of
DMM and TOM in ZSM-5 (a) and USY (b). The isosurfaces of the reduced density gradient are colored
according to the values of the quantity sign (λ2) ρ, as indicated by the RGB scale. VDW: van der
Waals interactions.

Another important finding was that increasing reaction temperatures promoted the formation
of PODEn in USY, but rapidly inactivated ZSM-5. This is the result of high temperatures that render
intermediate species more active. For USY, the sufficient available space enables a preferential
combination of intermediate species from DMM and TOM and restricts side products at high
temperatures, resulting in high PODEn selectivity and very low byproduct selectivity. For ZSM-5
with a Si/Al ratio of 17, the limited space and numerous active acid sites may be more advantageous
to TOM decomposition and the subsequent formation of MF by the Tishchenko reaction at high
temperatures, while the interaction of DMM with the zeolite and PODEn synthesis are suppressed.
The decomposition of TOM alone over ZSM-5 and USY at 120 ◦C confirmed this as well. Over HZSM-5,
MF was the primary product, whereas over USY, MF almost disappeared in the product, and FA was
the dominating product that could take part in the chain propagation forming PODEn (Figure S10).
Increasing the Si/Al ratio of ZSM-5 to 267, i.e., reducing active acid sites (Figure 4), can effectively
delay the decline of PODEn selectivity at high temperatures. This demonstrates that excess active sites
and steric constraints of ZSM-5 with a low Si/Al ratio resulted in the enhancement of side reactions at
high temperatures.

To sum up, the above facts indicate the obvious synergy between Brønsted MAS and the maximal
space available of zeolites for the synthesis of PODEn. Brønsted MAS make TOM and DMM decompose
to monomer CH2O and methoxymethoxy groups (MMZ), the steric constraint of the maximum included
sphere with an appropriate size in zeolite channels may help to promote the combination of CH2O
and MMZ to form long-chain ZO(CH2O)nCH3, then ZO(CH2O)nCH3 react with the methyl-end
group to form PODEn over Brønsted MAS [4]. Besides, increasing reaction temperature can increase
intermediate species’ activity, so catalytic performance of all studied zeolites is improved gradually
before 90 ◦C. However, too high temperature is not propitious to the formation of PODEn for low
Si/Al ZSM-5, whose excess active acid sites and limited space available may be more adaptable to
the conversion of CH2O species to MF at higher temperature. On the contrary, high temperature can
improve the PODEn selectivity over USY zeolite due to its excessively large space available.

The stability and recyclability are important indexes for potential industrial application, HZSM-5
and USY were further used to evaluate the reusability for the synthesis of PODEn at 90 ◦C. As shown in
Figure 6, both HZSM-5 and USY catalyst could exhibit excellent stability and reusability; the catalytic
activity only displays a very slight decrease after being reused for 10 cycles upon a simple centrifugation
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separation. At the same time, the catalytic performance of HZSM-5(Si/Al = 17) catalyst was compared
with some recently reported catalysts for the synthesis of PODEn in Table S2. When PODE2−8 selectivity
and energy consumption are the chief consideration, HZSM-5(Si/Al = 17) showed better catalytic
performance than those of many other materials, as illustrated in Table S2.

 
Figure 6. Reusability of the HZSM-5 (Si/Al = 17) and USY (Si/Al = 10) catalyst. The reaction was
carried out at 90 ◦C for 45 min, with a feed DMM/TOM molar ratio of 2 and catalyst amount of 5 wt.%.
After each test, the catalyst was reused in the next run following a simple centrifugation separation.

4. Conclusions

The synthesis of PODEn from DMM and TOM occurred in the zeolite channel. SAPO-34 contained
a supercage structure and numerous strong acid sites; however, the 3.8 Å pore mouth diameter
prevented TOM from entering, resulting in very poor activity. Comparing with SAPO-34, SUZ-4
exhibited only a slight advantage in catalytic performance due to very limited Brønsted MAS. ZSM-5,
MOR, and beta displayed very similar excellent activity at 70–90 ◦C, which could be ascribed to
sufficient Brønsted MAS and effectual steric constraint of the appropriate sizes of the maximum included
spheres. Despite its enough acid sites, USY exhibited lower catalytic activity than other zeolites at
low temperatures due to its excessively large included spheres, resulting in weak steric constraint for
reactive intermediate species. There was a synergy between Brønsted MAS and the maximal space
available of zeolites, which interrelated and jointly influenced the synthesis of PODEn from DMM and
TOM. Brønsted MAS could effectively promote the dissociation of DMM and TOM to MM-Z species and
CH2O species; the steric constraint of the maximum included sphere with an appropriate size in zeolite
channels could promote the combination of MM-Z and CH2O to form long-chain ZO(CH2O)nCH3

at lower temperatures; PODEn were ultimately synthesized by ZO(CH2O)nCH3 reacting with the
methyl-end group over Brønsted MAS.

Reaction temperature also affected the synthesis of the PODEn by changing the activity of
intermediate species. High temperature (>90 ◦C) may lead to more side reactions and suppress the
formation of PODEn for zeolites with limited space, like low Si/Al ZSM-5 zeolite, but can promote
PODEn selectivity for the zeolites with larger space available, like USY zeolite. Moreover, both HZSM-5
and USY catalysts exhibited excellent stability and reusability.

Altogether, a pore mouth diameter larger than the TOM molecule, a proper amount of Brønsted
MAS, and an appropriate maximum included sphere size are necessary conditions to obtain high
PODEn selectivity at low temperatures.
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Abstract: In the present study, we developed novel β-glucosidase-based nano-biocatalysts for the
bioconversion of oleuropein to hydroxytyrosol. Using non-covalent or covalent immobilization
approaches, β-glucosidases from almonds and Thermotoga maritima were attached for the first
time on oxidized and non-oxidized porous carbon cuboids (PCC). Various methods were used for
the characterization of the bio-nanoconjugates, such as Fourier transform infrared spectroscopy
(FTIR), X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), and fluorescence
spectroscopy. The oxidation state of the nano-support and the immobilization procedure play a
key role for the immobilization efficiency or the catalytic activity of the immobilized β-glucosidases.
The nano-biocatalysts were successfully used for the hydrolysis of oleuropein, which leads to
the formation of its bioactive derivative, hydroxytyrosol (up to 2.4 g L−1), which is a phenolic
compound with numerous health benefits. The bio-nanoconjugates exhibited high thermal and
operational stability (up to 240 h of repeated use), which indicated that they are efficient tools for
various bio-transformations.

Keywords: β-glucosidase; carbon cuboids; hydroxytyrosol; oleuropein; bio-catalysis; nano-biocatalyst

1. Introduction

Bio-catalysis has rapidly gained ground in almost every catalytic process due to its advantages,
such as selectivity (region-, chemo-, stereo-) and low environmental impact when compared to
traditional synthetic methodologies. Heterogeneous bio-catalysis refers to enzymes in a water-insoluble
form and is preferred lately for industrial production processes, mainly for the easy separation
of the products, but also for the ability to reuse the biocatalyst for multiple reaction cycles [1].
Heterogeneous biocatalysts are enzymes immobilized in various solid materials such as polymers,
silica, nanomaterials, etc. [2].

The benefits of enzyme immobilization, along with using nanomaterials as matrices, have gained
interest during the last decade [3]. Carbon-based nanomaterials have dominated the world of
nano-immobilization, since they combine both effectiveness and biocompatibility [4,5]. Researchers
have managed a wide range of carbon nanomaterials, regarding both shapes and sizes, with each one
competing each other for its benefiting effect on enzymatic performance. It is well known, that the
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structural characteristics of the nanomaterials, such as size, shape, porosity, and surface chemistry,
can affect the immobilization and the catalytic behavior of the immobilized enzyme. Carbon porous
nanomaterials have long attracted the attention of enzyme supports, due to their important features,
regarding enzyme immobilization, such as the increased surface area and the pore volume they provide
in order to achieve higher protein loading, while they exhibit no spatial restrictions upon enzyme
molecules [6–8]. Porosity also seems to influence the activity of the biocatalyst since it can facilitate
substrate accessibility to the enzyme [9,10]. Functionalized carbon-based nanomaterials also excel for
their unique properties that functional groups provide them with. Different kinds of functionalization
modify the properties of the nanomaterials, which affects their interaction with proteins, and, thus,
the catalytic characteristics of the immobilized enzymes [11,12]. Several studies have shown that
the functionalization of carbon-based nanomaterials enhances not only the enzyme loading and the
catalytic activity, but also the operational and thermal stability of the biocatalysts [13,14].

A brand-new member of the carbon family, which combines porosity and capability to accept
functional groups on its surface, has recently been reported as a high performance material [15].
This novel nanostructure is called porous carbon cuboids (PCCs) and combines a series of
intriguing properties, such as light weight, unusual ultra-hydrophilic behavior, great stability, surface
heterogeneity, and a very high hierarchical porosity (estimated approximately 800–900 m2 gr−1) [15].
In contrast with graphene, PCC do not need to pass through the oxidation state due to the high
number of functional groups they possess on the surface, which renders them highly hydrophilic.
PCC show a significant number of N:C and O:C active sites, which, in combination with the narrow
micropore size distribution, constitute a very promising sorbent. The advantage that they present over
other carbon materials is the fact that they are stable up to 400 ◦C, whereas most of them cannot be
functional in temperatures further than 300 ◦C. By further treatment of the PCCs with strong oxidizing
agents (employing a modified Staudenmaier’s method), multiple oxygen functionalities (such as
carboxyl, hydroxyl, and epoxy) can be introduced, which increases the number of active sites [16–20].
These oxidized PCCs, as well as the pristine ones, have the ability to interact with bacteria and algae,
as recently shown [16].

In the present study, pristine PCCs and surface oxidized (with -COOH and -OH groups) analogues
(PCCox) were used, for the first time, as nano-supports for the covalent and non-covalent immobilization
of two β-glucosidases (from almond and Thermotoga maritima) that are widely used in various biocatalytic
processes with industrial interest [21,22]. These novel nano-biocatalysts were tested for their ability to
catalyze the bioconversion of oleuropein (OLE) to hydroxytyrosol [3,4-dihydroxyphenylethanol (HT)]
(Figure 1). OLE is a hydrophilic phenolic antioxidant found in all parts of the olive tree, with high
concentrations in the dry leaf extract and also abundant in olive mill wastewaters. HT is the main
degradation product of OLE, which is considered to be one of the strongest antioxidants in nature [23]
with superior biological activities than the parent compound OLE [24,25]. HT is used as a food
supplement and is used in the cosmetic industry. In addition, it is considered to be a potent drug agent
and a food additive due to its anti-inflammatory, anticarcinogenic, neuroprotective, and antiapoptotic
activity [23]. However, HT is found in low concentration in nature, has low extraction yields from
natural sources, and is difficult to chemically synthesize. Therefore, the production of pure HT is a high
cost procedure [26]. Furthermore, the development of biotechnological approaches for the synthesis
of HT is of great interest. The synthesis of HT through the conversion of OLE from olive leaves or
olive mill wastewaters could be an optimal direction for a cost-effective production of HT [23]. Various
hydrolytic enzymes have been employed for the conversion of OLE to HT such as esterases, lipases,
xylanases, cellulases, and hemicellulases [27]. Natural or recombinant β-glucosidases have been
proved to be the key enzymes for OLE hydrolysis and have been used either as free or immobilized
enzymes [27–31].
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Figure 1. Transformation of oleuropein to hydroxytyrosol.

A combination of spectroscopic, microscopic, and biochemical techniques was applied for the
characterization of these novel bio-nanoconjugates with respect to their catalytic behavior. Moreover,
the effect of the surface chemistry of PCCs and the immobilization approaches that were used
on the catalytic activity as well as thermal and operational stability of the immobilized enzymes
was investigated.

2. Materials and Methods

2.1. Materials

β-Glucosidase from almonds (Albgl) 9.5 U mg−1 was purchased from Sigma-Aldrich (St. Louis,
MO, USA) and was used with no further purification. N′-ethylcarbodiimide hydrochloride (EDC),
N-Hydroxysuccinimide (NHS), p-nitrophenol (p-NP), and 4-Nitrophenyl β-D-glucopyranoside (p-NPG)
were purchased from Sigma-Aldrich (St. Louis, MO, USA), β-glucosidase from Thermotoga maritima
(Tmbgl) 85 U mg−1 was purchased from Megazyme (Chicago, IL, USA) and was used with no further
purification. Oleuropein and hydroxytyrosol were purchased from Extrasynthese (Lyon, France).
4,4′-Bipyridine (98%) and Potassium chlorate (KClO3, 99+%) were purchased from Alfa-Aesar (Kandel,
Germany). Ethanol (absolute, for analysis) was purchased from Merck (KGaA Darmstadt, Germany).
Nitric acid (HNO3, 65%) was purchased from Chem-Lab (Zedelgem, Belgium), and Sulphuric acid
(H2SO4, 96%) was purchased from Panreac (Castellar del Vallès, Spain).

2.2. Synthesis of Porous Carbon Cuboids (PCC) and Oxidized PPC (PCCox)

The same procedure that has been described in our previous work was followed for the synthesis
of PCC [16]. Two solutions were prepared. The first one consisted of 1 g of Pluronic dissolved in
100 mL of 0.1 M 4,4′-bipyridine in water−ethanol (volume ratio of 1:17) and the second one was an
aqueous solution of copper (II) chloride (900 mL, 5.6 mM CuCl2·2H2O). The first solution was then
poured rapidly into the second one under vigorous stirring. The formed products were retrieved
through centrifugation, washed three times with water, and air dried. The product was then pyrolyzed
under argon flow (500 ◦C for 2 h) and the copper species were leached away (stirred in a 4 M HNO3

aqueous solution for 24 h). The final black powder was collected by air drying after being washed with
water until pH was ~5.0.
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Likewise, the PCC was treated with strong oxidizing agents by employing a modified
Staudenmaier’s method, in order to introduce more active sites (PCCox) [16–20]. Additionally,
70 mg of PCC were added to a mixture of H2SO4 and HNO3 (1.4 mL and 2.8 mL, respectively)
while keeping the temperature at ~0 ◦C in an ice-water bath. Under constant stirring and cooling,
small quantities of KClO3 (0.7 g in total) were added slowly to the mixture. The reaction was terminated
after 18 h by pouring the mixture into distilled water and the final product was washed until pH∼6.0
and was dried at room temperature.

2.3. Covalent Immobilization of β-Glucosidase on PCC and PCCox

Albgl and Tmbgl were covalently immobilized on PCC and PCCox via cross-linking agents
such as EDC and NHS, which can link the -COOH and -OH groups of nanomaterials with the free
amino groups of the enzyme [32,33]. In a typical procedure, 4 mg of nanomaterial were dispersed
in 5 mL H2O and 1 mL HEPES (N-(2-Hydroxyethyl) piperazine-N′-(2-ethanesulfonic acid)) solution
(pH 7.0, 50 mM) in an ultrasonic bath for 30 min. After the dispersion, 2.3 mL of a 50 mg mL−1 NHS
aqueous solution and 1.2 mL of a 10 mg mL−1 EDC aqueous solution were added and the mixture
was incubated under stirring for 30 min at 30 ◦C. The modified nanomaterial was then separated
by centrifugation at 4000 rpm for 10 min and washed with HEPES solution in triplicate to remove
the excess of EDC and NHS. The activated nanomaterial was re-dispersed in 6 mL HEPES solution
50 mM at the optimum pH values (pH 5.0 and pH 6.5 for Albgl and Tmbgl, respectively). Then, 0.3 mg
(estimated by Bradford assay) was added and the mixture was incubated under stirring at 30 ◦C for
1 h. The bio-nanoconjugates were separated by centrifugation at 4000 rpm for 10 min and washed
with the proper HEPES solution in triplicate to remove the excess of enzyme and then left to dry in
silica at 4 ◦C. The nano-biocatalysts were labeled as PCC-Albgl-cov, PCCox-Albgl-cov, PCC-Tmbgl-cov,
and PCCox-Tmbgl-cov.

2.4. Non-Covalent Immobilization of β-Glucosidase on PCC and PCCox

Albgl and Tmbgl were attached via physical absorption on PCC and PCCox. Additionally, 4 mg
of nanomaterial were dispersed in 6 mL HEPES solution 50 mM, at the optimum pH values (pH
5.0 and pH 6.5 for Albgl and Tmbgl, respectively), in an ultrasonic bath for 30 min. Furthermore,
0.3 mg of β-glucosidase were added and the mixture was incubated under stirring at 30 ◦C for 1 h.
The bio-nanoconjugates were separated by centrifugation at 4000 rpm for 10 min and washed with
the proper HEPES solution in triplicate to remove the excess of the enzyme and then left to dry in
silica at 4 ◦C. The nano-biocatalysts were labeled as PCC-Albgl-nc, PCCox-Albgl-nc, PCC-Tmbgl-nc,
and PCCox-Tmbgl- nc.

2.5. Determination of the Immobilization Yield

The Bradford assay was used to determine the immobilization yield by estimating the amount of
the protein in the supernatant before and after the immobilization [34]. The amount of immobilized
β-glucosidase on PCC and PCCox was calculated as the difference of the protein concentration in the
supernatant before and after the immobilization. All experiments were carried out in duplicate.

2.6. Determination of the Hydrolyitc Activity of Immobilized β-Glucosidase

The hydrolytic activity of β-glucosidases was determined spectrophotometrically by estimating
the p-NP released from the hydrolysis of p-NPG at 410 nm, as described before [35]. The catalytic
assay was carried out in citrate-phosphate buffer solution 100 mM, pH 5.0, and pH 6.5 for Albgl
and Tmbgl, respectively, at 50 ◦C for 10 min. The reaction was started by adding an appropriate
amount of immobilized β-glucosidase (0.1 or 0.01 mg mL−1) in a p-NPG solution (2 mM). The reaction
was stopped by adding 0.5 mL of a 10% w/v Na2CO3 solution and the reaction product (p-NP)
was measured at 410 nm. The amount of the released p-NP was quantified using a p-NP standard
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curve. One β-glucosidase unit (U) was defined as the μmol min−1 of p-NP that results from 1 mg of
immobilized enzyme under the above-defined conditions.

2.7. Thermal Stability of Free and Immobilized β-Glucosidases

Thermal stability studies of β-glucosidases were performed by incubating free or immobilized
enzymes in citrate-phosphate buffer 100 mM, pH 5.0, and pH 6.5 for Albgl and Tmbgl, respectively,
at 60 ◦C for 24 h. The amount of the enzyme was 0.01 mg mL−1 or 0.01 μL mL−1 of free Albgl and Tmbgl,
respectively, and 1 mg mL−1 of immobilized β-glucosidase, in all cases. The remaining hydrolytic
activity of β-glucosidase was determined, at different time intervals, through the hydrolysis of p-NPG,
as described before. All experiments were performed in triplicate.

2.8. Hydrolysis of Oleuropein to Hydroxytyrosol

The enzymatic hydrolysis of OLE was performed in citrate-phosphate buffer 100 mM, pH 5.0,
and pH 6.5 for Albgl and Tmbgl, respectively. In addition, 1 mg of a nano-biocatalyst was dispersed in
2 mg mL−1 solution of OLE (3.7 mM), which was followed by 24 h incubation at 37 ◦C under shaking
(750 rpm). After the enzymatic hydrolysis of OLE (step 1) (Figure 1), a second non-enzymatic step
followed to give rise to HT. In step 2, the reaction mixture was incubated at 60 ◦C, pH 7.0 for 2 h under
shaking (750 rpm).

2.9. High Performance Liquid Chromatography (HPLC) Analysis

The identification and quantification of OLE and HT were performed by high performance liquid
chromatography (HPLC) (Shimadzu, Tokyo, Japan) using a μBondapack C18 column, particle size
10 μm, length 300 mm, diameter 3.9 mm, and a diode array UV detector. The mobile phase was
acetonitrile (A) and 0.1% acetic acid in water (B) of 20–80%. The elution conditions applied were:
0–30 min, 50–50% (v/v) A:B, 30–35 min, 50–50% A:B and 35–40 min, and 20–80% A:B. The elution
was performed at 27 ◦C with a flow rate of 1 mL min−1 and the samples were detected at 280 nm.
The quantification/characterization of OLE and HT was based on standard samples and calibration
curves at the same conditions.

2.10. Reusability Studies of Immobilized β-Glucosidases

The reusability of immobilized β-glucosidases was estimated by performing consecutive operating
cycles of the hydrolysis of OLE, as described before. Each reaction cycle was carried out for 24 h at
37 ◦C under shaking (750 rpm). After each run, the immobilized enzyme was separated from the
reaction mixture with centrifugation and washed thoroughly with citrate-phosphate buffer solution
100 mM, pH 5.0, and pH 6.5 for Albgl and Tmbgl, respectively, and then it was re-used. All experiments
were performed in triplicate.

2.11. Fourier-Transform Infrared Spectroscopy (FTIR)

An FTIR-8400 infrared spectrometer (Shimadzu, Tokyo, Japan) equipped with a deuterated
triglycine sulfate (DTGS) detector was used for the Fourier-transform infrared spectroscopy (FTIR)
analysis. All spectra were recorded in the range of 400 to 4000 cm−1 and were an average of 32 scans.
All samples were in the form of KBr pellets containing ca. 2 wt% of the enzyme, the nanomaterials (PCC
and PCCox), or the nano-biocatalysts. Equation (1) was used to calculate the correlation coefficient r in
order to determine the similarity between two FTIR spectra [36–39].

r =
∑

xiyi/
√∑

x2
i

∑
y2

i , (1)

where x and y are the spectral absorbance values of free and immobilized enzyme, respectively, at the
ith frequency position. For the calculation, the absorbance values of the spectra after smoothing in
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the region of 1600 to 1700 cm−1 (amide region I) were used. The correlation coefficient r value will be
equal to one (r = 1) for identical spectra.

2.12. Fluorescence Spectroscopy

A luminescence spectrofluorometer Jasco-8300 (Tokyo, Japan) was used for all fluorescence
measurements using a solid sample holder. Immobilized β-glucosidase was used in aqueous solutions
at concentration of 1 mg mL−1, while free Albgl and Tmbgl at concentration of 0.13 mg mL−1. Samples
were deposited onto silicon wafers (P/Bor, single side polished) from aqueous solutions by drop casting.
The fluorescence emission spectra were recorded from 300 to 400 nm after exciting at 280 nm, with a
scan speed of 100 nm min−1 at room temperature. Slit widths with a nominal band pass of 5 nm were
used for both excitation and emission ray.

2.13. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were performed in ultra-high vacuum at a
base pressure of 2 × 10−10 mbar with a SPECS GmbH spectrometer equipped with a monochromatic
MgKa source (hv = 1253.6 eV) and a Phoibos-100 hemispherical analyzer (Berlin, Germany).
The spectra were collected in normal emission and energy resolution was set to 1.16 eV to minimize
measuring time. All binding energies were referenced to the C1s core level at 284.6 eV [40]. Spectral
analysis included a Shirley background subtraction and a peak deconvolution employing mixed
Gaussian-Lorentzian functions, in a least square curve-fitting program (WinSpec) developed at the
Laboratoire Interdisciplinaire de Spectroscopie Electronique, University of Namur, Belgium.

2.14. Atomic Force Microscopy

Atomic force microscopy (AFM) images were collected in tapping mode with a Bruker Multimode
3D Nanoscope (Ted Pella Inc., Redding, CA, USA), using a microfabricated silicon cantilever type
TAP-300G, with a tip radius <10 nm and a force constant of ~20–75 N m−1.

2.15. Raman Spectroscopy

Raman spectra were collected with a Micro-Raman system RM1000 RENISHAW (RENISHAW,
Old Town, UK) using a laser excitation line at 532 nm (laser diode) in the range of 1100 to 1800 cm−1.
Raman scattering was collected by means of an optical microscope equipped with 50× and 100× lenses.

3. Results and Discussion

In the present work, we developed robust nano-biocatalysts as efficient tools in various biocatalytic
processes with industrial interest. More specific, we investigated the immobilization of β-glucosidases
on PCCs and functionalized PCCs with -COOH and -OH groups. The enzymes were immobilized
with both covalent and non-covalent approaches. Covalent immobilization was carried out through
EDC/NHS linkers while non-covalent immobilization was performed through physical adsorption.
This way, we could investigate how the immobilization approach or the surface chemistry of the
nanomaterial affects the immobilization efficiency, as well as the catalytic behavior of the immobilized
β-glucosidases.

3.1. Characterization of PCC and PCCox

Raman, FTIR, and XPS spectroscopy were employed to characterize both the pristine and oxidized
PCC. The infrared spectra of PCC and PCCox are depicted in Figure 2a. In the infrared (IR) spectra of
the PCC, the peaks between 2843 and 2931 cm−1 are due to the stretching vibrations of CH2 groups,
while the broad band centered to 3431 cm−1 is attributed to the adsorbed H2O deformation, which is
indicative of the hydrophilic nature of the carbon material. The weak band of the hydroxyl stretching
vibrations of the C-OH groups, expected around 3550 cm−1 [41], is not visible since it is superimposed
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in this broad. Moreover, the band at 1402 cm−1 is attributed to the aromatic C=C functional group,
while the main peak at 1623 cm−1 is due to C=O stretching vibrations of the carboxyl groups [42].
The latter is more pronounced and intense in the case of PCCox spectrum due to a higher degree of
oxidation. In the same way, the band at 1256 cm−1, due to vibrations of the epoxy groups (COC) [43–45],
is more distinct in the PCCox sample, compared to the pristine one, as a result of the extensive
oxidation process.

 
(a) (b) 

Figure 2. (a) Fourier-transform infrared spectroscopy (FTIR) spectra of the porous carbon cuboids
(PCC) and oxidized porous carbon cuboids (PCCox). (b) Raman spectra of the PCC and PCCox.

The Raman spectra of the porous carbon cuboids before and after oxidation are shown in Figure 2b.
The two characteristic graphitic peaks, at 1350–1370 and 1593 cm−1 corresponding to graphitic D
and G bands, respectively, were observed in both Raman spectra of the synthesized nanomaterials.
The D band is associated with an sp3-hybridized carbon, whereas the G-band is associated with
an sp2-hybridized carbon atoms. The intensities ratio ID/IG express the degree of disorder of the
carbon lattice. After oxidation, the ratio was lightly increased to 1.0 (from 0.9 in the pristine PCC),
which indicates a change in hybridization of the carbon atoms from sp2 to sp3 due to the increase of the
population of the oxygen-containing groups, as the result of the oxidation process [46].

The successful oxidation of the PCC was further supported by XPS spectroscopy. The results of
pristine PCC and oxidized PCC (PCCox) have been reported in our previous work [16]. According to
this work, pristine PCC possess oxygen functionalities, apart from the main C-C frame, such as C-O,
C=O, and C(O)O. After oxidation, a significant decrease to the C-C bond (from 51.6% for PCC to 34%
for PCCox) can be deduced from the insertion of multiple oxygen moieties to the main body of PCC.
Most of the oxygen functionalities increased in ratio (such as C-OH and C(O)O), while the insertion of
an additional peak is observed, derived from the epoxy groups due to oxidation treatment.

Representative AFM images of the PCC and PCCox are presented in Figure 3, which confirms
the formation of the cubic structure. In addition, the topographic image of an isolated cuboid,
as revealed from the cross-sectional analysis, is observed in Figure 3d with an average thickness
of 8.51 nm. Accordingly, from the AFM images of PCCox, it is clearly observed that the oxidation
process influenced the cubic shape of the carbon nanostructures, as well as the thickness of the PCCox,
which is decreased, as shown in Figure 3f. All these values are in agreement with our previous
work [16]. It is interesting to note that, while isolated cubes are observed frequently in the surface
of the Si-wafer, there are areas where PCCs tend to get organized into ring structures, by integrating
monomeric cuboids (Figure 3a,b,d). This behavior could be due to intramolecular interactions between
adjacent cuboid nanoparticles in water, where the formation of hydrogen bonding (via carboxyl and/or
hydroxyl groups) occurs between neighboring cuboids, which results in the formation of a 2D ring-like
supramolecular structure on the surface of a silicon wafer. In fact, when pH was raised to 11.0 (from 5.6
that was initially), due to deprotonation of the carboxyl (or hydroxyl) groups, intramolecular hydrogen
bonding was no longer possible and no ordered structure was observed on the surface. The presence of
water seems to be crucial for the formation of these ring-like structures, since, when experiments were
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performed in ethanol (instead of water), no similar ring-like formations were observed. On the other
hand, oxidized PCCs, due to the greater number of oxygen functionalities on their surface, are more
hydrophilic than pristine PCCs and prefer to be dispersible and isolated in the aqueous medium. Thus,
upon deposition, the majority do not tend to aggregate into ring structures (Figure 3e,f).

 
Figure 3. Atomic force microscopy (AFM) height images and cross section analysis of PCC (a–d images)
and PCCox (e,f images).

3.2. Immobilization Efficiency and Activity of Immobilized β-Glucosidase

In the present work, PCCs and functionalized PCCs with multiple oxygen functionalities (PCCox)
were used, for the first time, as nano-supports for enzyme immobilization. It is well known that the
functionalization of carbon-based nanomaterials plays a key role in the development of interactions
between the nanomaterial and the enzyme molecules, which affects the catalytic behavior of the
latter [4,12,47]. The immobilization of Albgl and Tmbgl was carried out through physical adsorption
and covalent immobilization. Physical adsorption of the enzyme onto carbon-based nanomaterials is
based on hydrophobic interactions, electrostatic and van der Walls forces, and hydrogen bonding [12,48].
Covalent attachment of the enzyme onto the -OH and -COOH groups of these nanomaterials was
carried out by using EDC and NHS as cross-linkers. In this case, stable amide bonds are formed
between the enzyme and the nanomaterial [48], even though the co-existence of physical adsorption of
the enzyme cannot be excluded.

Table 1 presents the immobilization yield of Albgl and Tmbgl on PCC and PCCox. In all cases,
the mass ration of the enzyme to the nanomaterial was 0.1. Tmbgl was successfully immobilized,
for the first time onto nanomaterials. The immobilization efficiency of Tmbgl does not seem to
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depend on the immobilization procedure or the nano-support. It should be noted that, in a range of
pH 5–7, no significant differences in the immobilization yields were observed. As it can be seen in
Table 1, high immobilization yields are achieved (>90%) in all cases. β-Glucosidase from Thermotoga
maritima was previously successfully immobilized on chitin beads and was used for the hydrolysis of
lactose [49]. On the other hand, the immobilization of Albgl on PCC and PCCox is also successful but
the immobilization yield seems to depend on the immobilization procedure and the nano-support that
was used. The highest immobilization yield (90%) is observed when PCCox is used as a nano-support
for the covalent immobilization of the enzyme, which points out the importance of the functionalization
of PCCs. Previous works have shown that covalent immobilization on surface O-functionalities can
increase the enzyme loading [11,50]. As far as it concerns non-covalent immobilization, a higher
immobilization yield is obtained in the case of PCCs. The presence of oxygen functional groups can
lead to lower immobilization yields on carbon-based nanomaterials, as reported elsewhere [47]. Similar,
and, in some cases, lower, immobilization efficiencies have been previously reported for β-glucosidase
immobilized on various nanomaterials, such as single-walled and multi-walled carbon nanotubes and
hybrid magnetic graphene oxide nanoparticles [35,51,52].

Table 1. The immobilization yield (%) and enzymatic activity of β-glucosidase on PCC and PCCox
after covalent and non-covalent immobilization (the standard deviation was less than 5% in all cases).

Immobilization Yield %–(Activity U mg−1 Enzyme)

Albgl Tmbgl

Covalent Non-covalent Covalent Non-covalent
PCC 72–(0.8) 80–(0.5) 95–(24) 94–(18)

PCCox 90–(5) 62–(9) 93–(35) 94–(37)
free 9.5 45

The hydrolytic activity of the bio-nanoconjugates was investigated and the initial reaction rates are
presented in Table 1. The catalytic activity of free β-glucosidases is higher compared to the immobilized
enzymes. This reduction in activity is in accordance with that previously reported for β-glucosidase and
other enzymes, and could be attributed either to conformational changes in the enzyme molecule upon
immobilization or to mass transfer effects, which can reduce the catalytic efficiency of the immobilized
enzyme [35,53]. It is interesting to note that the catalytic activity of the immobilized β-glucosidase
does not seem to be correlated with the enzyme loading, but it seems to depend on the nature of the
nano-support. As can be seen in Table 1 when PCCox is used as a nano-support, higher hydrolytic
activity is achieved in all cases. The reduced activity that is observed in the case of PCCs could be
attributed to the interaction of enzymes with the hydrophobic surface of the nanomaterials, which could
lead to undesirable conformational changes in the protein molecules, and, hence, loss of their catalytic
activity. Similar behavior was observed for the immobilization of lipases on carbon nanotubes and
graphene-based nanomaterials [4]. Moreover, it is expected that a significant part of the enzyme
molecules is mainly adsorbed in the macro-pores of the PCCs, which causes restricted diffusion of the
substrate on the active sites of immobilized enzyme molecules [6]. On the other hand, the oxidation of
PCC is expected to reduce the porosity of the nanomaterials, which prevents the adsorption of the
enzymes on the pores of the nanomaterials. Furthermore, it is expected that the enzymes are attached
to the oxygen functional groups of the PCCox nanomaterials. The presence of these oxygen functional
groups could create a more hydrophilic microenvironment around immobilized enzyme molecules
that facilitates the diffusion of the substrate to the active site of the enzyme, and, thus, increases its
catalytic activity [54].

3.3. Characterization of Bio-Nanoconjugates

To confirm the presence of β-glucosidase on PCC and PCCox, FTIR spectroscopy was used.
Figure 4 illustrates the FTIR spectra of free and immobilized Albgl and Tmbgl. The spectrum of
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free Albgl shows a typical protein spectrum that presents two absorption bands at 1540 cm−1 and
1650 cm−1 [55], associated with the amide bond due to the C=O stretching vibrations, and is directly
related to the backbone conformation. Immobilized Albgl also depicts two bands at 1540 cm−1 and
1650 cm−1, which suggests the successful conjugation of the enzyme onto the PCC and PCCox. Similarly,
the spectrum of free Tmbgl presents three absorption bands at 1378 cm−1, 1343 cm−1, and 1639 cm−1

associated with the amide bond region. Immobilized Tmbgl depicts a band at 1068 cm−1 and a band at
1378 cm−1, which is slightly transposed when compared to the free enzyme. These peaks indicate the
successful immobilization of the enzyme onto the PCC and PCCox. FTIR analysis was also employed
to investigate the conformational changes of the enzyme upon immobilization onto PCC and PCCox
compared to the structure of the free enzyme. To evaluate the differences between the FTIR spectra of
free and immobilized β-glucosidase, the correlation coefficient, r, was estimated [38,39,56]. According
to the results, the correlation coefficient r for immobilized Albgl and Tmbgl is 0.99 and 0.98, respectively,
which indicates that the structure of the immobilized enzyme is not significantly altered.

 
(a) (b) 

Figure 4. FTIR spectra of (a) PCC-Albgl-cov and PCCox-Albgl-cov compared to those of free Albgl and
bulk PCC and PCCox. (b) PCC-Tmbgl-cov and PCCox-Tmbgl-cov compared to those of Tmbgl and
bulk PCC and PCCox.

Fluorescence spectroscopy has been used before to confirm the presence of the enzyme on solid
material [57,58]. Herein, the fluorescence emission spectra of free and immobilized enzymes were
recorded in order to further confirm the presence of β-glucosidase on PCC and PCCox (Figure 5).
Excitation was set at 280 nm and the emission intensity was recorded in the range of 300 to 400 nm.
The maximum emission wavelength of free β-glucosidase was found at 320 nm for both Albgl and
Tmbgl. The fluorescence spectra of bulk nanomaterials PCC and PCCox were also recorded at the
same conditions and no emission was observed in the range of 300 to 400 nm. As can be seen in
Figure 5, in all cases, the fluorescence spectra of bio-nanoconjugates reveal a maximum emission at
320 nm, which indicates the presence of β-glucosidase and, therefore, the successful immobilization of
the enzyme.

X-ray photoelectron spectroscopy of bio-nanoconjugates was employed to the porous cuboids
and porous cuboids after the oxidation process in order to distinguish the type of interaction (covalent
or non-covalent) between the enzymes and the PCC matrix. From the carbon 1s photoelectron spectra
of the PCC-Tmbgl-cov (Figure 6a), five contributions are deduced from the C=C/C-H bonds at 284.6 eV
(33.7%), the C-O/C-N bonds from the C-O functional groups of PCC, and the C-N and C-O bonds from
the enzyme representing 40.1% of the whole carbon spectra. At 287.2 eV, the contribution of C=O
bonds (14.1%) is detected, while a very unique peak that attests to the successful covalent bonding
between the Tmbgl and PCC is observed at 288.3 eV due to the creation of the amide groups [59]
representing 9.0% of the carbon amount. Lastly, a last fitted peak at 289.2 eV is due to the carboxyl
groups. This peak represents just 3.1% and this is because carboxyl groups participate in the covalent
bond to create amide groups. Accordingly, from the carbon 1s photoelectron spectra of PCC-Tmbgl-nc
(Figure 6b), four contributions are displayed due to C=C/C-H located at 284.6 eV covering 48.4%

74



Nanomaterials 2019, 9, 1166

of the carbon spectra, C-O/C-N groups centered at 285.8 eV (32.8%), carbonyl groups at 287.4 eV
(12.7%), and, lastly, a last fitted peak at 289.0 eV due to carboxyl groups representing 6.0% of the whole
carbon amount. No amide peak is observed, while the carboxyl group peak is much higher than in
the case of PCC-Tmbgl-cov, which is a sign of non-covalent interaction between the enzyme and the
PCC nanomaterials.

 
(a) (b) 

Figure 5. Fluorescence spectra of (a) free and immobilized Albgl on PCC and PCCox. (b) Free and
immobilized Tmbgl on PCC and PCCox.

 
(a) (b) 

 
(c) (d) 

Figure 6. C1s photoelectron spectra of (a) PCC-Tmbgl-cov, (b) PCC-Tmbgl-nc, (c) PCCox-Tmbgl-cov,
and (d) PCCox-Tmbgl-nc.

XPS spectra of PCCox-Tmbgl-cov are displayed in Figure 6c. Fitting on the C1s photoelectron peak
reveals five different contributions derived from C=C/C-N at 284.6 eV (34.9%), C-O/C-N at 285.8 eV
(35.2%), and a contributed peak derived from epoxy groups at 286.7 eV due to the initial oxidation
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treatment of the PCC representing 15.5% of the carbon spectra. The amide groups due to the covalent
interaction of Tmbgl and the carboxyl groups of the PCC are centered to 288.2 eV (8.4%), while some
unaffected carboxyl moieties are observed at 289.4 eV (6.1%). Lastly, for PCCox-Tmbgl-nc (Figure 6d),
fitted peaks from C=C/C-H at 284.6 eV (23.8%), C-O/C-N at 285.8 eV (35.5%), and epoxy groups at
287.0 eV (24.7%) are observed. There is no contributed peak from amide bonds, which reveals the
non-covalent nature of the interaction between the enzyme and the PCC nanostructure. A peak at
289.0 eV is due to carboxyl groups and represents 11.6% of the whole carbon contribution. Compared
to PCCox-Tmbgl-cov, the contribution from carboxyl groups is higher because the enzyme does not
interact covalently with them. A last fitted peak at 290.3 eV may arise from π-π interactions between the
enzyme and PCC domains or enzyme-enzyme interactions [60]. The atomic percentages are presented
in Table 2, while the C/N ratios of covalently or non-covalently immobilized Tmbgl on PCC and PCCox
are displayed in Table 3.

Table 2. Atomic percentages of PCC-Tmbgl-cov, PCC-Tmbgl-nc, PCCox-Tmbgl-cov, and PCCox-Tmbgl-nc.

Sample
Atomic Percentage %

C O N

PCC-Tmbgl-cov 75.1 ± 3.0 14.1 ± 1.1 10.8 ± 0.9
PCC-Tmbgl-nc 75.1 ± 3.0 13.5 ± 1.1 11.4 ± 0.9

PCCox-Tmbgl-cov 55.5 ± 2.2 40.7 ± 2.4 3.8 ± 0.3
PCCox-Tmbgl-nc 72 ± 2.9 23 ± 1.4 5 ± 0.4

Table 3. The C/N ratio of PCC-Tmbgl-cov, PCC-Tmbgl-nc, PCCox-Tmbgl-cov, and PCCox-Tmbgl-nc.

Sample C/N Ratio

PCC-Tmbgl-cov 6.9
PCC-Tmbgl-nc 6.6

PCCox-Tmbgl-cov 14.6
PCCox-Tmbgl-nc 14.4

The immobilization of β-glucosidase on pristine and oxidized PCCs was confirmed via AFM
(Figure 7). Representative AFM images indicate that molecules of β-glucosidase are attached on the
surface of the PCC and PCCox. As revealed from the cross-section analysis, the size of the PCC is
significantly increased, which verifies the successful attachment of the enzyme. The average thickness
of PCC-Tmbgl-cov is 20 to 25 nm. In addition, the average thickness of PCCox-Tmbgl-cov is slightly
decreased and has an average value of 18 to 23 nm. From these images, it is clear that the oxidation
procedure affects the average size of the cuboids’ nanoparticles and also the estimated size of the
nano-biocatalytic system.

3.4. Thermal Stability of Free and Immobilized β-Glucosidase

The thermal stability of free and immobilized β-glucosidases was investigated. The half-life time
(the time required for the enzyme to lose 50% of its initial activity) was determined after incubation
at 60 ◦C, in citrate phosphate buffer 100 mM, pH 5.0, and pH 6.5 for Albgl and Tmbgl, respectively.
Table 4 demonstrates that the half-life time of covalently immobilized Albgl is enhanced by about
50%. These results indicate that the immobilized Albgl exhibits an increased resistance toward thermal
denaturation that might be induced by heating. Similar enhanced thermal stability of immobilized
β-glucosidase on various materials has been reported [35,61,62]. In the case of Tmbgl, both enzyme
forms (free or immobilized) exhibited very high stability at 60 ◦C, as expected due to the well-known
thermal stability of this enzyme. For instance, covalently immobilized Tmbgl on PCC or PCCox
preserves more than 95% of its initial activity after incubation for 24 h at 60 ◦C.
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Figure 7. AFM height images and cross section analysis of PCC-Tmbgl (a–c images) and PCCox -Tmbgl
(d–f images).
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Table 4. Half-life time of free and immobilized Albgl on PCC and PCCox after incubation at 60 ◦C in
citrate phosphate buffer 100 mM pH 5.0.

Sample Half-Life Time (Hours)

Albgl 0.6 ± 0.04
PCC-Albgl-cov 0.9 ± 0.10
PCC-Albgl-nc 0.7 ± 0.07

PCCox-Albgl-cov 0.9 ± 0.06
PCCox-Albgl-nc 0.8 ± 0.05

3.5. Use of Immobilized β-Glucosidase for the Conversion of Oleuropein to Hydroxytyrosol

Herein, free and immobilized β-glucosidases on PCCox were further used for the chemoenzymatic
transformation of OLE to HT. More specific, as described in Figure 1, β-glucosidase catalyzes the
hydrolysis of OLE to OLE aglycon (step 1), which, in aqueous solution at a pH of 7.0 and at 60 ◦C,
it further undergoes a fast chemical re-arrangement, which leads to the formation of HT [23,63].
HPLC was used for the quantitative analysis of the reactants and products that were formed in the
reaction mixture. The formation of the HT was also followed through liquid chromatography–mass
spectrometry (LC-MS) analysis (Figures S1 and S2, Table S1, Supplementary Materials). Figure 8a
illustrates the reaction progress of the enzymatic hydrolysis of OLE catalyzed by free and immobilized
β-glucosidase. As can be seen in Table 5, free β-glucosidases demonstrate lower conversion rates
than immobilized β-glucosidases, which could be attributed to the higher stability of the immobilized
β-glucosidases compared to the free enzyme, in a similar manner as previously described (Table 4). It is
worth noting that PCCox-Tmbgl preparations present higher hydrolytic activity than that observed for
PCCox-Albgl, which is in accordance with that described in Table 5 for the hydrolysis of p-NPG. For all
the tested bio-nanoconjugates, the OLE hydrolysis yield after 24 h of incubation exceeds 90%, which is
higher than that reported for other β-glucosidase preparations under similar reaction conditions [27].
The progress of the formation of HT after the hydrolysis of OLE and the incubation of the reaction
mixture at 60 ◦C at pH 7.0, is described in Figure 8b. The chemoenzymatic conversion of OLE that is
described in the present work, results in the formation of 2.4 g L−1 of HT, which is among the highest
reported concentrations in literature [27,29,64].

 
(a) (b) 

Figure 8. (a) Hydrolysis of OLE catalyzed by immobilized β-glucosidase at different time intervals.
The amount of the enzyme in the reaction system was 0.15 mg/mL and 0.07 mg/mL for Albgl and Tmbgl
respectively. (b) Reaction progress of the enzymatic hydrolysis of OLE catalyzed by PCCox-Tmbgl-cov
and the formation of HT at different time intervals (the standard deviation was less than 5% in all cases).
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Table 5. Initial reaction rates of immobilized β-glucosidase on PCC and PCCox for the hydrolysis of
oleuropein (OLE) and percentage conversion yield of OLE after 24 h of incubation in citrate phosphate
buffer 100 mM, pH 5.0, and pH 6.5 for Albgl and Tmbgl, respectively, at 37 ◦C (the standard deviation
was less than 5% in all cases).

Sample Initial Reaction Rate mM h−1 g−1 of Biocatalyst % Conversion Yield of OLE

Free Albgl 0.05 50
PCCox-Albgl-cov 0.18 92
PCCox-Albgl-nc 0.16 90

Free Tmbgl 0.14 78
PCCox-Tmbgl-cov 0.20 98
PCCox-Tmbgl-nc 0.19 95

3.6. Reusability of Immobilized β-Glucosidase

Reuse of enzymes is pivotal for large-scale biocatalytic processes, especially from an economical
point of view. In this work, we investigated the operational stability of PCCox-Albgl-cov and
PCCox-Tmbgl-cov in multiple reaction cycles for the hydrolysis of OLE. Each reaction cycle was
performed in citrate phosphate buffer 100 mM pH 5.0 and pH 6.5 for Albgl and Tmbgl, respectively,
at 37 ◦C for 24 h. After each cycle, the biocatalyst was separated through centrifugation, washed
with buffer, and reused. Figure 9 illustrates the remaining activity of immobilized β-glucosidases
after each reaction cycle. After 10 cycles of reuse (240 h of total operation), the remaining activity of
immobilized Albgl is reduced to 20%, which is similar to that observed when other nanomaterials
were used as immobilization supports [35,49,62,65]. FTIR spectra analysis was employed in order
to investigate possible conformational changes of the immobilized enzyme after the reuse process.
The correlation coefficient r of FTIR spectra of PCCox-Albgl-cov before and after the reuse process
is 0.94, which indicates that slight conformational changes might occur on the immobilized enzyme,
which could explain the loss of its catalytic activity observed after repeated use. On the other hand,
the remaining hydrolytic activity of immobilized Tmbgl is higher than 90% after 10 catalytic cycles.
This indicates that PCCox-Tmbgl-cov bio-nanoconjugate is very stable and can be efficiently used for
the biocatalytic conversion of natural compounds, such as OLE.

Figure 9. Reusability of covalently immobilized β-glucosidases on PCCox in citrate phosphate buffer
100 mM pH 5.0 and pH 6.5 for Albgl and Tmbgl, respectively, at 37 ◦C when the enzyme is covalently
immobilized on PCCox.

4. Conclusions

PCC and functionalized PCCox were used to develop novel nano-biocatalysts through
non-covalent and covalent immobilization of β-glucosidases from two different organisms.
The oxidation state of the nanomaterials that were used as immobilization supports and the
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immobilization procedure seem to affect the immobilization yield and the catalytic activity of the
immobilized enzymes. The use of oxidized PCCs as a type of nano-support enhances the catalytic
activity of the enzyme, which highlights the importance of the functionalization. The immobilized
enzyme retains or exhibits higher thermal stability than the free enzyme, but this enhancement is not
dependent on the oxidation state of the PCCs. The bio-nanoconjugates that are formed are able to
efficiently catalyze the hydrolysis of OLE, which leads to the formation of a significant amount of HT.
Immobilized β-Tmbgl on PCCox demonstrates high operational stability, which indicates—along with
the excellent thermal stability- that this nano-biocatalyst is an efficient tool for the bioconversion of
OLE and other natural compounds of industrial interest.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/8/1166/s1.
Figure S1: HPLC chromatography of (a) OLE, (b) conversion of OLE step 1, and (c) conversion of OLE step 2, at
280 nm, Figure S2: (a) Total ion chromatogram (up) and UV chromatogram (down) at 280 nm of OLE (m/z 539)
before the conversion. (b) Total ion chromatogram (up) and UV chromatogram (down) at 280 nm of the reaction
mixture of the enzymatic conversion of OLE, step 1. (c) Total ion chromatogram (up) and UV chromatogram
(down) at 280 nm of the reaction mixture of the conversion of OLE step 2, Table S1. Peak assignments of reaction
mixture of conversion of OLE.
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Abstract: To meet the urgent need of society for advanced photocatalytic materials, novel visible light
driven heterostructured composite was constructed based on graphitic carbon nitride (g-C3N4)
and fibrous TiO2. The g-C3N4/TiO2 (CNT) composite was prepared through electrospinning
technology and followed calcination process. The state of the g-C3N4 and fibrous TiO2 was tightly
coupled. The photocatalytic performance was measured by degrading the Rhodamine B. Compared
to commercial TiO2 (P25®) and electrospun TiO2 nanofibers, the photocatalytic performance of
CNT composite was higher than them. The formation of CNT heterostructures and the enlarged
specific surface area enhanced the photocatalytic performance, suppressing the recombination rate of
photogenerated carriers while broadening the absorption range of light spectrum. Our studies have
demonstrated that heterostructured CNT composite with an appropriate proportion can rational use
of visible light and can significantly promote the photogenerated charges transferred at the contact
interface between g-C3N4 and TiO2.

Keywords: electrospinning; g-C3N4/TiO2; heterostructures; visible light; photocatalyst

1. Introduction

Dye wastewater was a kind of industrial organic pollution with large chroma, complex composition
and difficult to be biochemically treated. In addition, it caused serious harm to the environment and
physical health. With the rapid development of modern society, using of economic, environmental
friendly, efficient and convenient photocatalytic technology to control the environmental pollution has
attracted widespread attention [1,2]. Among wide variety of research materials, semiconductor materials
for its economical, stable, and harmless qualities commonly used in photocatalytic technology, including
metal oxides, non-metal oxides, nitrides, sulfides, phosphides et al. [3–7]. As a promising candidate
photocatalyst, titanium dioxide (TiO2) due to its chemical stability, non-toxicity, strong oxidation and
reduction, controllable morphology and low-cost properties stands out among the various studied
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transition metal oxide semiconductors over the past decades. It has been proved that anatase phase
TiO2 was considered the most active phase involving in photocatalytic degradation of pollutions [8].
However, some of the inevitable shortcomings inherent in TiO2 limited the practical application
in photocatalytic process. Firstly, as an n-type semiconductor, TiO2 has a wide band gap (3.2 eV)
and absorbs only 4% of the ultraviolet (UV) light in sunlight [9]. Secondly, the high recombination rate
of photogenerated carriers in TiO2 leads to lower quantum efficiency and thus affects the efficiency of
photocatalysis [10]. Therefore, it is urgent to find a new strategy for narrowing the band gap of TiO2,
prolonging the lifetime of photogenerated carriers, and improving the photocatalytic performance of
the photocatalyst. To date, many effective strategies have been developed to improve the shortcomings
of TiO2 such as precious metal deposition, metal and non-metal ion doping, semiconductor bonding,
surface modification, and so on [11–15]. According to the research in recent years, the formation of
heterostructure with semiconductor materials is an effective means to avoid the shortcomings inherent in
TiO2. It can be proved that surfacemodification of TiO2 with a narrow band gap semiconductor could
generate a Type II heterostructure. Aguirre et al. have recently employed Cu2O coated by TiO2 for
improving photocatalytic stability and performance and provided a z-scheme mechanism of charge
transfer. Besides, the Cu2O/TiO2 nanocomposites were created to avoid the typical limitation problems
found in photocatalysis [16]. In addition, various semiconductor materials of narrow band gap combined
with TiO2 have been successfully synthesized, such as CdS, CuS, MoS2, etc. [17–19]. This strategy can not
only extend the light capture range of TiO2 to the visible light region, but also separate the photogenerated
carriers at the contract interface between two different band gap materials through matched energy levels
coupling, thereby enhancing the performance of photocatalytic.

Among the studied various narrow band gap semiconductor materials, the g-C3N4 with an indirect
band gap of 2.7 eV has attracted extensive attention due to its thermal stability, physicochemical stability,
excellent photoelectric transmission property, non-toxic and harmless characteristics [20–22]. In addition,
semiconductor g-C3N4 was easily available and can be obtained by direct thermal decomposition of
precursor materials, for instance, urea, melamine, cyanamide and dicyandiamide [23–26]. Nowadays,
several techniques have been reported to combine TiO2 with g-C3N4 to form composite. The prepared
TiO2/g-C3N4 composite (g-C3N4 and TiO2 with a certain ratio) can not only extend the absorption
spectrum range of TiO2, but also promote the separation efficiency of photogenerated carriers, thus
improve the photocatalytic performance [27,28]. For instance, Lu et al. obtained the C-TiO2/g-C3N4

(CNT) composite by the hydrothermal and calcination methods [29]. According to this method, granular
TiO2 was obtained, which has a smaller specific surface area, resulting in a smaller contact surface with
lamellar g-C3N4. Han et al. fabricated the g-C3N4/Titanium(IV) n-butoxide (TNBT)/PVP nanofibers
in using the facile electrospinning technology with the addition proportion precursors for g-C3N4 and
TiO2 was 1:15, and then the fibers were calcination to obtain the g-C3N4 NSs hybridized N-doped TiO2

nanofibers (GCN/NT NFs) composite [30]. Although the heterostructured CNT composite can be directly
obtained after calcination, the doped g-C3N4 content accounted for a limited proportion of the composite
material, and the heterostructures formed by the contact between g-C3N4 and TiO2 had few sites, making
it difficult to harvest a better photocatalytic effect. Lu et al. reported a mean for combining the layered
g-C3N4 with the rod-like TiO2 by using the hydrothermal method and calcination process. In comparison
with TiO2 and g-C3N4, the heterostructured TiO2-based nanorods/g-C3N4 (TNRs/g-C3N4) performed
excellent photocatalytic performance and remarkable optoelectronic characteristics for removing heavy
metals and degrading rhodamineB (RhB) in wastewater [31]. However, the means of preparing materials
was complicated, which required secondary hydrothermal process. Therefore, a novel one-step synthesis
method is needed to prepare the CNT composite with large specific surface area and can combine a large
amount of g-C3N4 to provide more contact sites points.

In the current work, we developed the novel method to prepare CNT composites based on the
flexible electrospinning technology [32–35] and calcination process. TBOT/PVP nanofibers were fabricated
by electrospinning method, followed by one-step synthesis a type II heterostructure based on n-type
g-C3N4 and n-type TiO2 nanofibers in calcination process. The synthesized porous TiO2 nanofibers were
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tightly wrapped on the surface of the g-C3N4, and the fibrous TiO2 with large specific surface area were
contacted with the substrate of the lamellar state that was provided by a large amount of g-C3N4 to
form heterostructure. The heterostructured CNT composite was found available in absorbing the visible
light and promoting the separation in photogenerated carriers. Consequently, the CNT composite was
promising to be applied in practical environmental protection for removing the organic pollutants.

2. Experimental Section

2.1. Materials

Polyvinyl Pyrrolidone (PVP, MW ≈ 1300000) was purchased from Shanghai Aladdin Bio-Chem
Technology Co., Ltd. (Shanghai, China). Tetrabutyl orthotitanate (TBOT, CP, 98.0%), tert-butyl alcohol
(TBA, CP, 98.0%), melamine (CP, 98.0%), acetic acid (AR, 99.5%), ethanol (CP, 95.0%), silver nitrate
(AgNO3, AR, 99.8%) and disodium ethylenediaminetetraacetate (Na-EDTA, AR, 99%) were all bought
from Sinopharm Chemical Reagent Limited Company (Beijing, China). Degussa P25 (80% anatase and
20% rutile) was purchased from Evonik Degussa Company (Shanghai, China). All chemical reagents
we used as received without further purification.

2.2. Preparation of TBOT/PVP Nanofibers Membrane

0.3 g of PVP, 5 g of alcohol and 2 g of acetic acid were weighed into a prepared 50 mL Erlenmeyer
flask and mixed well. Then 3 g TBOT was added into the transparent solution and continued for stirring
at 30 min until uniform. Later, 5 mL solution was taken into a syringe and placed on an electrospinning
device with a voltage of 10 kV. The metal needle was connected to the anode of the high voltage power
supply, and the negative pole of the high voltage power supply was connected to the collector. Followed,
the prepared TBOT/PVP nanofibers membrane was collected and dried at 60 ◦C for 12 h.

2.3. Preparation of g-C3N4.

g-C3N4 was prepared following the method reported in the literature [36]. Ten g of melamine was
uniformly dispersed in an alumina crucible and placed into a muffle furnace by annealing at 550 ◦C
for 4 h to obtain the yellow powder.

2.4. Fabrication of CNT Composites

The as-prepared white TBOT/PVP nanofibers membrane and g-C3N4 powder were weighed in
various certain ratios and grounded in a mortar for 1 h to acquire the uniform g-C3N4/TBOT/PVP
composites, as listed in Table 1. Subsequently, the mixture was placed into a crucible and then
transferred to a muffle furnace by annealing at 600 ◦C for 2 h. Anneal operation was to remove the
PVP present in the nanofibers for leaving bare TiO2, meanwhile allowed the fibrous TiO2 tightly
combined with g-C3N4. In contrast, the TBOT/PVP nanofibers membrane was also annealed in the
muffle furnace under the same conditions to obtain bare TiO2 nanofibers.

Table 1. Description of various as-prepared g-C3N4/TiO2 (CNT) composite.

Samples CNT1 CNT2 CNT3 CNT4 CNT5 CNT6 CNT7

g-C3N4 (g) 0.25 0.3 0.5 1 2 3 4
TBOT/PVP (g) 1 1 1 1 1 1 1

2.5. Characterization

X-ray diffraction (XRD) patterns were recorded by a Rigaku SmartLab X-ray diffractometer
(Rigaku, Tokyo, Japan) using Cu-Kα radiation (λ = 1.54178 Å) with an accelerating voltage at 40 kV,
a sweep step was 5◦ in the 2θ range from 10◦ to 80◦. The morphology and microstructure images
of the as-synthesized samples were monitored by a JEOL JSM-7800F field emission scanning electron
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microscope (SEM) (JEOL, Tokyo, Japan). A JEOL JEM-2100F transmission electron microscopy (TEM)
(JEOL, Tokyo, Japan) attached with energy dispersive spectroscopy (EDS) was used for observation the
as-prepared samples. X-ray photoelectron spectroscopy (XPS) measurement was taken on a Thermo
Scientific Escalab 250Xi system (Thermo Scientific, Shanghai, China) with an Al Kα X-ray source to
confirm the surface chemical composition of the samples and the valence state of the contained elements.
The Brunauer–Emmett–Teller (BET) specific surface areas of the samples were carried out by Quantachrome
Autosorb-IQ-MP/XR nitrogen adsorption apparatus (Quantachrome, Shanghai, China). A Hitachi F-4600
fluorescence spectrometer (Hitachi, Tokyo, Japan) was used to measure the photoluminescence (PL) spectra
for studying the recombination efficiency of photogenerated carriers with an excitation wavelength of
320 nm. UV-Vis diffuse reflectance spectra of the as-prepared solid composites photocatalysts (the BaSO4

powder was used as a reflectance standard) and UV-Vis absorbance spectra of the reaction solution were
collected on a PERSEE-T9 UV-Vis spectrophotometer (PERSEE, Beijing, China).

2.6. Photocatalytic Performance

The photocatalytic performances of the samples were determined by evaluating the concentration
of representative pollutants RhB 5 mg/L in the 50 mL solution after irradiation with an 800 W Xe lamp
equipped with the filter at 420 nm (only launched visible light). 50 mg photocatalysts was added to the
dye solution and continue to stir for 30 min in dark state before turning on the Xe lamp, ensuring the
equilibrium of adsorption desorption is achieved [37,38]. The solution was illuminated with a visible
light source went on for 2 h during the entire photocatalytic process. Under the action of flowing
cooling water circulation system, after every 15 min, 4 mL of the solution was extracted from quartz
tube and centrifuged at 10,000 rpm speed for 10 min to separate the supernatant. The concentration of
RhB in solution was detected by the UV-Vis spectrophotometer (Beijing, China) using an absorption
wavelength of 540 nm for indicating the photocatalytic performance. In addition, the roles of various
active species in the reaction system were also confirmed by the addition of corresponding scavengers.

3. Results and Discussion

3.1. Synthesis and Application Process

The flow chart of the as-prepared photocatalysts from preparation to application was shown in
Figure 1. At the beginning, TBOT/PVP nanofibers were obtained by electrospinning technology [32].
And then the yellow g-C3N4 was synthesized by calcination the melamine at 550 ◦C for 4 h, following
the method mentioned in the literature [36]. Subsequently, the prepared TBOT/PVP nanofibers were
mixed and grinded uniformly with g-C3N4 powder in a certain proportion and transferred to a muffle
furnace for reannealing. Later, the as-prepared various CNT composites were applied to degrade the
contaminant under visible light irradiation.

Figure 1. Schematic illustration for the synthesis and visible light photocatalytic application of the
CNT composite.
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3.2. Structure and Morphology Characteristics

Figure 2 depicts the XRD patterns of g-C3N4, TiO2 and various CNT composites. As shown in
Figure 2 curve a, bare TiO2 nanofibers exhibited significant diffraction peaks 2θ at 25.4◦, 37.0◦, 37.9◦,
38.7◦, 48.3◦, 54.1◦, 55.4◦, 62.9◦, 69.1◦, 70.3◦, and 75.1◦, which were consistent with the (101), (103), (004),
(112), (200), (105), (211), (204), (116), (220), and (215) crystal faces of anatase TiO2 (JCPDS 21-1272),
respectively [39]. In addition, the crystallized peaks 2θ at 13.1◦ and 27.5◦ were related to g-C3N4 phase
at (001) and (002) crystal faces (JCPDS 87-1526), respectively [40]. As observed in Figure 2 curves b
and c, only bare TiO2 was detected and no other peaks appeared in the XRD patterns, owing to the
proportion of added g-C3N4 was less. The diffraction peaks of g-C3N4 increased markedly with the
addition of g-C3N4 content (Figure 2 curves d and e), indicating a successful compounded of g-C3N4

to TiO2. This phenomenon was also clearly illustrated by SEM images. In addition, the intensity peaks
of TiO2 become lower for the proportion of g-C3N4 increases, proving that the content of g-C3N4

could affect the transformation from TBOT to anatase TiO2. Therefore, the results of XRD can inferred
that various CNT composites have been successfully synthesized by the process of electrospinning
and calcination.

Figure 2. XRD patterns of (a) TiO2 nanofibers; (b) CNT1; (c) CNT3; (d) CNT5; (e) CNT6 and (f) g-C3N4

synthesized at 550 ◦C.

The detailed structure of heterostructured CNT6 composite has been further confirmed by TEM
and HRTEM, as shown in Figure 3a,b, respectively. In TEM image, it could be clearly seen that the
fibrous and bulk substances were apparent as TiO2 and g-C3N4, respectively. It seemed that TiO2 was
tightly attached the surface of g-C3N4 so the heterostructure formed, although the thickness of the
layer of the latter was uncertain. In addition, the TEM image also investigated that the diameter of
the nanofiber was less than 100 nm, which was consistent with the results observed in SEM images
(Figure S1). In HRTEM image, the well-ordered lattice spacing of TiO2 was measured at 0.189 nm,
which was assigned to the exposed (200) plane of anatase TiO2 [41]. In addition, the measured
lattice spacing of 0.335 nm can be clearly seen, completely ascribed to the (002) plane of g-C3N4 [42].
Analysis based on SEM, TEM, HRTEM and XPS results for TiO2 and g-C3N4, the formation of CNT
heterostructure between g-C3N4 and TiO2 was verified. The close contact interface may contribute to
the transfer and separate of photogenerated carriers during the process of light irradiation, which could
enhance the performance of photocatalytic. Therefore, the expectation for improving the photocatalytic
performance by CNT composite is reasonable.
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Figure 3. (a) TEM and (b) HRTEM images of heterostructured CNT6 composite.

The surface chemical composition and elemental states of the as-prepared CNT heterstructured
composite were studied using XPS. Figure S2 exhibited the XPS survey spectra included O 1s, Ti 2p,
C 1s and N 1s for CNT6 composite. In Figure 4a, O 1s spectrum present two characteristic peaks
located at 530.1 eV and 532.2 eV corresponded to Ti–O and C=O, respectively [43]. The spectrum
of O 1s indicated that TBOT has been converted to TiO2 during the sintering process. The C 1s
spectrum in Figure 4b exhibited two major peaks centered at 284.8 eV and 288.1 eV belong to C–C and
N–C=N, respectively [44]. Regarding of N 1s spectrum (Figure 4c), the basic units of g-C3N4 mainly
contains three N units, presenting in characteristic peaks to sp2 hybridized C=N–C (398.7 eV), tertiary
nitrogen N–(C)3 (399.6 eV) and C–N–H groups (401.1 eV) [45]. Meanwhile, the peaks of Ti element in
Figure 4d distributed at 458.7 eV and 464.5 eV were ascribed to Ti 2p3/2 and Ti 2p1/2, respectively [46].
The analysis of XPS confirmed the presence of TiO2 and g-C3N4 in the composites. The results further
indicate that the g-C3N4/TiO2 heterostructures have been successfully formed, which was matched
well with the results obtained by XRD, TEM, UV and PL.

Figure 4. XPS spectra of CNT6: (a) O 1s region; (b) C 1s region; (c) N 1s region and (d) Ti 2p region.

Nitrogen adsorption–desorption isotherms analysis was carried out in using BET method
to characterize the properties the specific surface area of TiO2 nanofibers and CNT6 composite
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(Figure 5) and the corresponding pore size distribution were recorded by using Barrett–Joyner–Halenda
(BJH) method (Figure S3). According to the classification of IUPAC [47], both TiO2 nanofibers
and CNT6 composite adsorption branches curves exhibit the typical type IV isotherm with H3
hysteresis loops in the relative pressure (P/P0) range about 0.5–1.0, reflecting the slit-like mesopores
appear in the products. By BET method, the specific surface area and pore volume of CNT6 were
calculated to be 58.71 m2 g−1 and 0.243 cm3 g−1, respectively, which was much super than bare TiO2

nanofibers (34.95 m2 g−1 and 0.18 cm3 g−1). The phenomenon might due to the presence of g-C3N4,
which possessing a large specific surface area and have extensive contract with TiO2 to inhibit the
stack between g-C3N4 sheets. It could be deduced that heterostructured CNT6 composite was more
suitable for meeting the demand as a photocatalyst than bare TiO2 nanofibers, owing to the more
adsorption reactive contact sites could be provided during the photocatalytic degradation process.
Besides, the pore diameter distribution of CNT6 composite (16.53 nm) tends to be smaller compared to
TiO2 nanofibers (20.58 nm), might due to the CNT6 composite surface was covered by TiO2 nanofibers.

Figure 5. Nitrogen adsorption–desorption isotherms.

3.3. Optical Characteristics

The optical absorption properties of g-C3N4, TiO2 and various CNT composites were obtained
by UV-Vis diffuse reflectance spectra. It can be seen from Figure 6a that all materials have strong
absorption in corresponding response light source region. As expect, g-C3N4 with the intrinsic band
gap at 2.7 eV exhibits a significant absorption edge at around 450 nm in visible region [48]. The bare
TiO2 nanofibers showed the absorption edge at the wavelength of lower than 400 nm in UV region,
ascribing to the band gap of 3.2 eV [49]. After compounding the g-C3N4 with TiO2, the CNT composites
present evident hybrid adsorption features that the background to capture visible light obviously
increased with the increasing of g-C3N4 content in the composites. Obviously, red shift phenomenon
has occurred on composites with the increasing of g-C3N4 content, performing that the absorption
edge moved moderated toward the infrared zone. The situation was also consistent with the color
changes of the resulting products from light yellow to black with the increase of g-C3N4 added amount
as shown in Figure S4. The band gap energy range of various CNT composites was estimated at
around 2.3 eV–3.1 eV as displayed in Figure 6b. It was calculated by extrapolating the linear region of
(hυ·F(R))1/2 versus hυ plot to zero F(R), where hυ is the incident photon energy and values of F(R)
can be obtained by using the Kubelka−Munk function: F(R) = (1−R)2/2R [50,51]. The initial curves
of (hυ·F(R))1/2 versus hυ were originated from the diffuse reflectance spectra as shown in Figure S5.
Thus, it can be concluded that the enhanced ability of CNT composites for capturing the light source
could contribute to the improvement of photocatalytic performance.
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Figure 6. (a) UV-vis diffuses reflectance spectra of g-C3N4, TiO2 nanofibers and various CNT
composites; (b) The curve of band gap energy in various samples.

Since the PL emission is derived from the recombination of photogenerated carriers, PL analysis is
an effective technique used in photocatalytic process to investigate the transfer, migrate, and separate
of electrons and holes. PL spectra of TiO2 nanofibers and various CNT composites were recorded
under the excitation wavelength of 320 nm (Figure 7). For pure g-C3N4, one strong peak centered
could see at 473.2 nm was ascribed to the band-band PL phenomenon with the light energy bordering
on the band gap energy of g-C3N4 [52]. The PL intensities of all CNT composites were lower than
pure g-C3N4, one reason is that the formation of heterostructures indeed promote the separation of
photogenerated carriers at the integrated interface, another reason probably because that g-C3N4

occupied is less than the single g-C3N4 in the equivalent amount of the products. Comparing the
curves of CNT6, CNT7 and g-C3N4, it was not difficult to find that the intensity of the emission peak
has dropped sharply, which was related to the coupled amount of TiO2. Further study the enlarged
view of partial curves in Figure 7 as depicted in Figure S6, the PL intensity of CNT1, CNT2, CNT3,
CNT4, CNT5 were both decreased than bare TiO2, even the PL intensity of CNT3, CNT4, CNT5 were
below than the commercial P25®. Usually, the PL intensity is inversely to the recombination efficiency
of the photogenerated carriers. In other words, the lower the PL intensity, the longer the lifetime of the
electrons and holes are, and the better performance performs of the corresponding photocatalyst [53].
Therefore, a suitable ratio of CNT composite is beneficial to improve the photocatalytic performance
towards degrading pollutants.

Figure 7. PL spectra of TiO2 nanofibers and various CNT composites.
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3.4. Photocatalytic Performances

The photocatlytic performances of the as-prepared samples were evaluated by monitoring the
concentration changes in RhB over time under visible light irradiation. In addition, the system was
adsorbed in the dark for 30 min to ensure an adsorption-desorption balance achieved. Figure 8a
presents the comparison curves of the concentration in RhB degradation by pure g-C3N4, bare TiO2

nanofibers, commercial P25® and partial as-prepared CNT composites within the same time. After
dark state adsorption, CNT6 exhibits the best adsorption effect due to the large specific surface
area. Figure 8a showed that the concentration changes of RhB can be neglected throughout the
photocatalytic process in the absence of photocatalyst, indicating that RhB was relatively stable under
visible light irradiation. It can be seen from Figure 8a that the CNT composites reaction system has
better photocatalytic performance for degradation of RhB than single material and commercial P25®

reaction systems, which was attributed to the effective separation of photogenerated carriers at the
intimate contact interface and the enlarged specific surface area. Surprisingly, the wide band gap of
TiO2 has restricted the range of light absorption wavelength, while it still has good photocatalytic
performance in the visible light range. One detailed reason could ascribe that the RhB chromosphere
absorbed the visible light and caused the electrons from ground state jumped to the excited state.
Subsequently, the excited state electrons rapidly transferred to the conduction band (CB) of TiO2,
resulting in degradation of RhB [54]. Another reason might owing to the material inherent oxygen
vacancy defects and thus altered the range of absorbed light to degradation the RhB. As expect,
the as-prepared heterostructured CNT6 showed the optimal photocatalytic performance instead of the
as-prepared maximum g-C3N4 amount loaded in the composite (Figure S7). Hence, it should be noted
that the suitable amount of g-C3N4 bonded in the composite could greatly affect the performance
of photocatalysis. The results indicated that the as-prepared product had excellent photocatalytic
performance and was suitable as a photocatalyst for harnessing the actual environmental pollution.
The photocatalytic degradation of RhB could be expressed as a pseudo-first-order kinetics process,
which followed the equation below: [55]

−ln(C/C0) = kappt

where kapp was the reaction rate constant, and C and C0 were the concentration of RhB detected
at initial t0 and t, respectively. Figure 8b displayed the reaction rate constant of degradation RhB
over different as-prepared photocatalysts, which was stemmed from Figure S7. According to the
equation, the reaction rate constant of CNT6 was calculated as 9.83 × 10−3 min−1, which was nearly
2.5 times and 3 times higher than that of TiO2 nanofibers (4.21 × 10−3 min−1) and commercial P25®

(3.41 × 10−3 min−1), respectively.

Figure 8. (a) Photocatalytic degradation RhB curves under visible light irradiation over different
samples; (b) reaction rate constant for degradation RhB over different as-prepared photocatalysts.
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3.5. Reaction Mechanisms

To further study the possible reaction mechanism of the as-prepared photocatalyst, series
comparative experiments of radical scavengers were carried out in the reaction system to demonstrate
the active species that dominated the photocatalysis process. Added scavengers of N2, EDTA-2Na,
AgNO3 and TBA were correspond for quenching active species of O−

2 , h+, e− and OH, respectivity.
As can be seen in Figure 9a, the performances of photocatalysis both have the minor changes in the
addition of EDTA-2Na, AgNO3 and TBA, respectively, meaning that h+, e− and OH played a weaker
role in the decomposition of RhB. When N2 was added into the solution, the remove rate of RhB over
CNT6 reduced drastically, suggesting that O−

2 played the leading role in the photocatalytic process.

Figure 9. (a) Effects on photocatalytic performance by adding different kinds of scavengers;
(b) Schematic illustration for the separation and recombination process of photogenerated carriers
between TiO2 and g-C3N4 under visible light irradiation.

Based on the above results, a reasonable photocatalytic mechanism of heterostructured CNT for
degradation RhB under visible light irradiation was proposed in detail, as displayed in Figure 9b.
Under the irradiation of visible light, the photogenerated electrons (e−) of g-C3N4 and TiO2 were both
excited from valence band (VB) to CB, leaving the same amount of holes (h+) on the VB. Since the
conduction edge potential of TiO2 was higher than that of g-C3N4, the electrons of g-C3N4 on CB were
then quickly flowed into the CB of TiO2 through the contact interface. Correspondingly, the holes
on VB of TiO2 were rapidly transferred into the VB of g-C3N4 because the VB potential of former
was more negative than latter. Eventually, photogenerated carriers were separated at the intimate
interface, thus prolonging the survival time of electrons and holes. The oxygen radicals (O−

2 ) attached
to the surface of the photocatalyst were generated from that the electrons have transferred to the CB of
TiO2 been captured by O2 in the solution, possessing strong oxidizing properties on the surface of the
photocatalyst (O2 + e− → O−

2 ) [56]. Accordingly, the holes moved to the VB of g-C3N4 having strong
oxidative could react with H2O or O2 to yield hydroxyl radicals (OH)

(
H2O, OH− + h+ → OH

)
[57].

Oxygen radicals and hydroxyl radicals possessed strong oxidizing, can effectively oxidized the organic
pollutant RhB in solution transferred into H2O and CO2. The mechanism of degradation pathway for
RhB was proposed. The degradation of RhB mainly via two steps: N-demethylation and cracking of
the conjugated structure. After the main steps of chromophore crack, ring opening and mineralization
were completed in the photocatalytic process, the dye was converted to smaller organic species. Finally,
the products were mineralization with other organic functional groups to form H2O and CO2 [58,59].
It is worth noting that the content of g-C3N4 in CNT composites has a significant influence on the
separation and recombination efficiency of photogenerated carriers, which has been discussed in PL
spectra. An optimal ratio of CNT composite could behave the outstanding photocatalytic performance
towards degradation of pollutants under the visible light irradiation.
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4. Conclusions

In this paper, novel heterostructured g-C3N4/TiO2 (CNT) composites were successfully fabricated
by using g-C3N4 precursor and TBOT/PVP nanofibers via the electrospinning technology [60–64],
grinding treatment followed by the calcination process. Under the visible light irradiation,
CNT composites exhibited considerable photocatalytic performance on the photocatalytic process for
purifying organic contaminant as comparing with commercial TiO2 P25® and pure electrospun TiO2

nanofibers. An appropriate amount of g-C3N4 addition can expand the absorption light range of the
composites to the visible light region and enlarge the specific surface area of as-prepared materials.
The enhanced performance of the photocatalyst was attributed to the formation of heterostructures
between g-C3N4 and TiO2 nanofibers, thus the charges on tightly-coupled interface can quickly
transferred and separated. Based on the admirable photocatalytic performance of CNT composite
in the process of photocatalysis, the as-prepared products can be treated as prospective materials to
government the pollutants in environmental.
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Abstract: The development of visible-light active photocatalysts is a current challenge especially
energy and environmental-related fields. Herein, methylammonium lead iodide perovskite
(MAIPb) was chosen as the novel semiconductor material for its ability of absorbing visible-light.
An easily reproducible and efficient method was employed to synthesize the as-mentioned
material. The sample was characterized by various techniques and has been used as visible-light
photocatalyst for degradation of two model pollutants: rhodamine B (RhB) and methylene-blue
(MB). The photo-degradation of RhB was found to achieve about 65% after 180 min of treatment.
Moreover, the efficiency was enhanced to 100% by assisting the process with a small amount of H2O2.
The visible-light activity of the photocatalyst was attributed to its ability to absorb light as well as
to enhance separation of photogenerated carriers. The main outcome of the present work is the
investigation of a hybrid perovskite as photocatalyst for wastewater treatment.

Keywords: halide perovskite; photocatalysis; visible-light; Rhodamine B; oxidation

1. Introduction

Nowadays, environment pollution and energy related issues captured the attention of new century
researchers [1–5]. In particular, accelerated release of pollutants because of a combination of growing
population and a rapid industrial development have dramatically increased the water pollution in
many parts of the world. On the other hand, it is equally urgent to answer the increasing energy
demand and mitigate the negative effect of global warming by means of renewable energy sources.
Thus, efficient and eco-friendly methods for the degradation of organic pollutants based on renewable
energy source, such as solar light, have become an imperative task worldwide [6–11].

Heterogeneous photocatalysis consists in the dispersion of a solid material, usually a
semiconductor, that when irradiated at appropriated wavelengths is capable to generate highly
reactive oxygen species (ROS) which can degrade organic pollutants [12,13]. Photocatalysis main
advantages are: the room temperature operation, the utilization of clean and renewable solar light
as the driving force and any production of hazardous residues after mineralization to align with the
“zero” waste scheme for industries [14,15].

Recently, hybrid organic–inorganic halide perovskites (HOIPs) have gain a lot of attention,
especially in photovoltaics, because of their remarkable properties. It was 2009 when for the first time
Miyasaka and his colleagues employed hybrid perovskites in photovoltaic devices [16]. Then, the
studies of the HOIPs have stunned the research community with their remarkable performance and
rapid progress [17].

Perovskite general formula is ABX3. HOIP A-site is occupied by an organic cation, B-site by a
metal od group IVA in a divalent oxidation state and X-site by a halogen anion [18]. As reported
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in previous studies, the electronic properties of the mentioned perovskites is mainly governed by
the B-X bonds [19]. Electronic properties are fundamental in the understanding of heterogeneous
photocatalysis [20].

Herein, focusing on the compositional, structural, optical, and charges transportation properties,
we investigated this class of materials as promising candidate for photocatalytic applications [18,21–25].
First, the advantageous properties are a favorable mobility of the photogenerated charges, a reduced
surface recombination and long electron–hole diffusion length because of the strong defect tolerance,
the shallow point defects and the benign grain boundary. Second, these materials are known to own
an enhanced visible-light shift absorption ability and suitable band gap [23,24]. Moreover, they can be
produced by low cost solution processes [26].

According to literature, lead-based HOIPs (MAIPb) has achieved the best efficiency among all
the studied hybrid perovksites [27–31]. In MAIPb, A-site is occupied by methyl ammonium cation
(CH3NH3

+), the B-site by lead cation (Pb2+), and the X-site by iodine anion (I−) (Figure 1) [32,33].

Figure 1. Hybrid organic inorganic perovskite tetragonal structure.

Herein, we propose to determine the feasibility of MAIPb, as one of the most promising HOIPs,
as visible-light photocatalyst for the degradation of some dyes having different chemical structures.
In particular we investigate the photocatalytic degradation on rhodamine B (RhB, fluorone dye)
and methylene blue (MB, thiazine dye) because these dyes are extensively used in industries and
medicines [34,35]. Moreover, the effect of key operating conditions on degradation efficiency were
studied: catalyst loading, addition of hydrogen peroxide, radiation intensity, solution pH, solution
temperature, pollutant initial concentration, and potential recycling test.

2. Experimental

2.1. Materials

Methylamine (CH3NH2, 33 wt% in ethanol), hydriodic acid distilled (HI 57 wt% in water), diethyl
ether (DE purity ≥ 99.8%), lead (II) iodide (PbI2 purity 99%), γ-butyrolactone (GBL purity ≥ 99%) were
purchased from Sigma Aldrich (Darmstadt, Germany) and used as received. The target dye pollutants
RhB, was obtained from Sigma Aldrich (Darmstadt, Germany).

2.2. Photo-Catalyst Synthesis

Hybrid organic-inorganic perovskite was prepared with a one-step, solution-processed method as
described in previous literature report [18]. CH3NH2 (11.39 mL, 0.09 mol) and HI (10 mL, 0.08 mol)
were stirred for 2 h in an ice bath kept at 0 ◦C to synthesize the precursor, CH3NH3I. The solution
was evaporated at 50 ◦C and the solid was washed three times with DE and dried at 50 ◦C on a hot
plate. The CH3NH3I (0.39 g) and PbI2 (1.16 g) were mixed in GBL (10 mL). Finally, the sample was
dried at 60 ◦C for 6 h until the solution was completely evaporated. Before performing photo-catalytic
oxidation process, the catalyst was washed several time with deionized water. It should be mentioned
that methylammonium was selected as precursor because it is most widely used as A-site cation
since its radius appeared to be the more suitable resulting in low packing symmetry and high band
gap [36,37]. In comparison to other elements of group IV, Pb was selected because of its performance
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and stability [18,38–40]. In particular, along group IV from Pb to Ge, it was previously reported a
decrease in stability of the divalent oxidation state and a consequent decrease in band gap value
combined with a reduced inert electron pair effects [41]. Among the halogens, iodide was selected for
its higher efficiency compared to other elements [16]. Moreover, in the periodic table iodide lies close
to Pb, thus, they result in more stable structure by sharing similar covalent character [18]. However,
we must notice that many factors remain not entirely understood. Moreover, some barriers are still to
overcome as stability and toxicity in large-scale implementation.

2.3. Photo-Catalyst Characterization

The X-ray powder diffraction (XRD) spectrum of the catalyst was recorded by PANalytical
instrument with the empyrean program (PANalytical, Cambridge, UK) with Co-Kα (λ = 1.7809 Å)
as the radiation source, 40 kV generator voltage and 40 mA tube current. The diffraction angle (2θ)
ranged from 20◦and 80◦ with intervals of 0.05◦. The sample functional groups were characterized by
Fourier transform infrared spectra (FT-IR) (Bruker, Solna, Sweden) in the region from 400 to 4000 cm−1

at room temperature using Horiba FT-730 FT-IR spectrometer. The microstructure and morphology
of the material were defined using scanning electron microscope (SEM) Hitachi SU3500 (Chiyoda,
Tokyo, Japan). Energy dispersive spectroscopy (EDS) (Thermo Scientific, Waltham, MA, USA) detected
the elemental composition of the pure hybrid organic-inorganic perovskite. The surface composition
and the electronic states of elements in the valence-band region were determined by ESCALAB 250
X-ray photoelectron spectroscopy (XPS) (ThermoFisher Scientific, Waltham, MA, USA) with Al-Kα

(1486.6 eV) as the X-ray source. Absorption spectra were measured with a PerkinElmer Lambda 1050
spectrophotometer (UV-vis) (PerkinElmer, Waltham, MA, USA) to establish the absorption spectrum
and band gap of the sample.

2.4. Procedure for Photo-Catalysis

The visible-light photocatalytic efficiency was evaluated based on the degradation of RhB. All
experiments were carried out in Pyrex vessels (100 mL) with 50 mL of RhB (20 mg·L−1). Specified
amount of reaction mixture was withdrawn at regular time intervals and analyzed with UV-vis
spectrophotometer at emission wavelength of 554 nm [42]. The efficiency of RhB removal was
determined as follow:

Removal efficiency % = C/C0 (1)

where C0 is the initial concentration of RhB and C is the measured concentration at the time of
withdrawal [43,44]. Electron spin resonance (ESR) technique with proper spin traps was used to
determine the presence of reactive oxygen species (ROS). TEMP (2,2,6,6-tetramethylpiperidine) was
used as spin trap for singlet oxygen and DMSO (dimethyl sulfoxide) for superoxide and hydroxyl
radicals [45,46]. The specifics of the visible-light device, used in the current research, are reported in
the Supporting Information (Table S1 and Figure S1).

3. Results and Discussion

3.1. Photo-Catalyst Characterization

The morphology of the material was investigated with SEM, the results, shown in Figure 2A,B,
suggest an aggregation of nanoparticles with hexagonal shape domains with nanometers size.
The specific morphology of the crystal lattice is mainly influenced by the synthesizing temperature
and may affect the optical, electrical, and transmission properties of the material, as confirmed in the
study of Li et al. [47].
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Figure 2. (A,B) Scanning electron microscopy (SEM) image of the as-prepared MAIPb
(methylammonium lead iodide perovskite).

In order to access the sorption behavior of these materials in aqueous phase, N2 sorption can
provide some useful information for the characterization and evaluation of the performance of the
photocatalyst [48]. As indicated by the analysis in Figure S2, the sample showed type III according to
IUPAC classification.

Figure S3 shows EDS spectra of the sample. The analysis confirms the presence of C, N, O, Pb,
and I. The ratio C:N:I:Pb was found to be 4.06:0.58:42.33:49.62. Lower signals for carbon and nitrogen
can be assigned to their lighter atomic weights. XRD pattern of the sample is presented in Figure 3A.
Hexagonal crystal system was mainly detected with space groups P3m1. Dominant diffraction peaks at
2θ = 14.7, 30.2, 40, 46.26, and 53.01◦ were assigned respectively to the (002), (012), (104), (110), and (106)
facets of the hexagonal crystalline structure. Peaks at 14.7 and 30.2◦ were also be indexed to (110) and
(220) facets of the tetragonal structure of perovskite according to literature [49]. It should be noted the
diffraction peaks of PbI2, assigned at 2θ equals to 12.8◦. The miller indexes (h, k, l) recorded suggested
more than one preferred crystal orientation in our samples.

Figure 3. (A) X-ray diffraction (XRD) spectrum of the as-prepared MAIPb, (B) UV-vis spectrum and
Tauc plot of the as prepared MAIPb.

Figure S4 displays FT-IR spectrum of the synthesized organo-halide perovskite. The sample
showed broad vibrations N-H from 2800 to 3350 cm−1, the characteristic features of hydrogen bonds
overlapped the C-H vibrations signs. The peaks at 1450 cm−1 and around 650–750 cm−1 belong to
the organic cation vibrations since the Pb-I and Pb-I-Pb appeared in very lower energy [50,51]. Peaks
displayed at 1500 and 956 cm−1 an be respectively assigned to N-Pb-I stretching mode and Pb-I-NH
bending. The wide bend around 3100 cm−1 was assigned to CH-NH stretching vibration [52].

The optical properties were further investigated in terms of light absorption capability because
the absorption of light energy is one of the key of photocatalytic processes. Hybrid organic–inorganic
perovskite achieves an optical absorbance across the entire visible spectrum as highlighted by
Dualeh [53]. Carrier diffusion lengths was found to reach up to 100 nm for both electrons and holes
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in MAIPb via transient photo-luminescence measurements [54,55]. A nearly instantaneous charge
generation and dissociations of balanced free charge carriers with high mobility has been observed,
and the charges were proved to remain in that state for up to tens of microseconds [56]. From previous
literature, it was found that the electronic levels for hybrid perovskites consist of an antibonding hybrid
state between the Pb-s and I-p and a non-bonding hybrid state between the Pb-p and I-p orbitals
corresponding to highest occupied and lowest unoccupied molecular orbitals, respectively [57]. The
electronic properties were not influenced by organic fraction. In particular, Frost et al. showed that VB
transition is primarily affected by the ionization potential of halogen ions contribution [58].

In Figure 3B the optical band gap of the perovskite was calculated. From extrapolation of the
linear part of the Tauc plot (Kubelka–Munk theory), the optical gap was estimated to be 1.58 eV, which
is in close agreement with previous reports [18,21,59–62].

XPS measurements were performed in order to investigate the chemical bonding states of the
element in the envisaged catalyst Figure 4A. According to Navas et al. [18], peaks at 143 and 138.1
eV can be assigned to Pb 4f (Figure 5B); peaks around 412 eV, showed in Figure 4B, were assigned to
Pb 4d5/2. The bigger peaks can be associated with the Pb component in the halide hybrid perovskite
structure, while the smaller to metallic Pb probability decomposed from PbI during the synthesis [63].
Peak corresponding to 401 eV peak were assigned to N1s Figure 4D. In accordance with the studies
performed by Chen et al. [64], N state may vary and the associated peaks can be found at different
BE. Different peaks positions were found in a range of 396–404 eV in agreement with Nakamura
and Mrowetz et al. [65]. Conforming to the study of Navas et al. [18], the peaks shown in Figure 4C
belong to I 3d3/2 and I 3d5/2. It was further shown that the spectrum shows well separated spin–orbit
components, separation of around 11.4–11.5 eV was recorded as typical evidence of the presence of
I−0 [18]. Figure 4E shows peak belongs to C1s around 285 eV. Shen et al. [54], in their interesting
research on hybrid organic-inorganic perovskite for solar cell application, assigned this peak to the
methyl group. The conclusion obtained here agrees well with that reported by previous literature
confirming the achievement of the synthesis processes [18,63–66].

 
Figure 4. X-ray photoelectron spectroscopy (XPS) spectra of the as-prepared MAIPb: (A) general
spectrum, (B–E) zooming on specific binding energy range.

3.2. Photocatalytic Activity

Among the persistent contaminants, organic dye molecules are toxic and their uncontrolled
discharge from various industries into the water can have a huge impact on the environment [67].
In our study, the photocatalytic activity of the synthesized nano-catalyst was examined on RhB
removal, which is considered as one of the most abundant dyes in the textile industries effluents
and commonly chosen as model pollutant for photocatalytic treatment [68,69]. The photocatalytic
performance of investigated material was evaluated as the decrease of the relative concentrations of
RhB (C/C0) plotted over time in different conditions. The removal efficiency achieved by photolysis
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was found to be negligible. This fact suggests that the chosen pollutant owns excellent photo-stability,
as highlighted by Drexhage et al. and Beija et al. [70,71]. Control experiment in dark conditions was
evaluated. The results showed moderate affinity between the halide perovskite and RhB molecules
in terms of adsorption in darkness. The result are in accordance with the low surface area measured
by BET analysis. As expected, significant improvement on RhB removal efficiency was observed
during the photocatalytic experiments Figure 5A. After 3 h of irradiation, the concentration of RhB
greatly decreased with respect to the initial concentration, proving the activity of the as-synthesized
photocatalyst. The UV-vis spectra indicate that the main absorbance peak was reduced as a function of
irradiation time and the dye molecules were decolorized. On the other hand, the peak position was
found to be invariable and the diminishing intensity suggested that the fused aromatic ring structures
and dye chromophores were destroyed (Figure S5). Kibombo et al. achieved similar results during their
researches on optimization of photocatalysts for persistent organic pollutant remediation in wastewater
management [72]. In their work it was deeply explained how the reactive oxygen species attack the
auxochromic groups, induce N-de-ethylation of the alkyl amine group and how photogenerated holes
can degrade both RhB suspended molecules and N-de-ethylated products. As depicted in Figure 5,
the removal efficiency appeared at the very first interval (15 min), this is in accordance with the ROS
generation that is higher at the earlier step of irradiation [73–75].

 

Figure 5. (A) Degradation of Rhodamine B (RhB) in dark condition, photolysis, photocatalysis,
assisted-photocatalysis; (B) degradation of RhB under different H2O2 concentration conditions 10−4,
10−3, 10−5 mol·L−1; (C) picture of color extinction of RhB as function of time.

The potential of the as-prepared material in photodegradation of a different organic compound
was further investigated. In particular, methylene blue (MB) was chosen as the target contaminant.
Methylene blue could be successfully removed by the assisted photocatalytic reaction after 60 min
under visible-light irradiation. The results were compared with blank experiments to demonstrate
the photocatalytic nature of the reaction. The results and the comparison are shown in Supporting
Information (Figure S6).

The photocatalytic activity of the as-prepared nanoparticles showed higher photocatalytic efficiency
for MB dye compared to RhB. The differences in the recorded efficiencies can be attributed to the
chemical structures of the organic dyes and the nature of the functional groups present on their surfaces.

3.3. Effect of H2O2 on the Photocatalysis Treatment

Many techniques have been applied to reduce the effect of recombination of charges and to
enhance the heterogenous photocatalysis performance. Among these techniques, the assistance of
external electron acceptor such as hydrogen peroxide (H2O2) in the photocatalytic process has gained
more and more attention. The effect of H2O2 on photocatalytic oxidation of RhB in aqueous suspensions
of the as-synthesized material was investigated. Various concentrations of oxidant were used. Test
without the presence of a photocatalyst was performed. In addition, the photocatalytic degradation of
RhB was found to follow the pseudo first-order reaction model:
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ln(C/C0) = −kt (2)

The degradation rate constant k and the correlation coefficient of the curve R2 were obtained using
regression analysis. The value of R2 were higher than 0.92, thus it was assumed that the regression line
fits well with the data (Table 1).

Table 1. Degradation rate constant k and the correlation coefficient.

Experiment Rate (s−1) R2

Assisted photocatalysis H2O2 10−5 mol·L−1 0.0045 0.94
Assisted photocatalysis H2O2 10−3 mol·L−1 0.0215 0.92
Assisted photocatalysis H2O2 10−3 mol·L−1 0.1087 0.92

The reaction rate increased with H2O2 dosages. For the highest concentration of oxidant (10−3

mol·L−1), the kinetic rate was found to be almost 25 times higher than the lowest concentration and
5 times higher than the average concentration. For practical application and considering the cost of
hydrogen peroxide, 10−4 mol·L−1 was considered as the optimal value. The combination of halide
perovskite and H2O2 under visible-light illumination was found to greatly enhance the degradation
rates of RhB. When H2O2 concentration increases, more hydroxyl radicals are produced thus the
oxidation rate increases. ROS were considered as dominant mechanism in the photocatalytic process.
The first hypothesis is a direct photolysis of H2O2 by visible light that may generate free radicals
at a wavelength of 405 nm [76]. A second minor mechanism proposed by Ollis et al. [77] and Ilisz
et al. [78] suggested that H2O2 may partially contribute to the rate enhancement of photo-catalytic
process behaving as an electron acceptor. According to these theories, H2O2 cannot only generate ·OH
but also as electron acceptor, reduce the electrons-holes recombination increasing the photocatalytic
efficiency. On the other hand Dionysiou et al. [79] in their studies on assisted-H2O2-photocatalysis
showed that high concentrations of hydrogen peroxide may decrease the degradation rates because of
the consumption of hydroxyl radicals.

3.4. Effect of Catalyst Loading

The effect of catalyst load on the ability to remove RhB in aqueous solution is shown in Figure 6A.
The results suggest that the removal performance increased with the catalyst load up to 0.5 g·L−1 and
decreased when the load is higher. This is in agreement with the case observed in heterogeneous
photo-catalysis reaction. This behavior can be rationalized both in terms of availability of active sites
on material surface and light penetration of photo-activating light into the system. The availability
of active sites increased with catalyst loading, but on contrary the light penetration and, hence, the
photo-activated volume of particles decreased [80]. Moreover, higher amount of catalyst may induce
the deactivation of particles by collision with ground state molecules reducing the rate of reaction [81].
The trade-off of these effects was studied by considering also the organic contaminant concentration.

3.5. Effect of Initial Concentration of RhB

The effect of RhB initial concentration is an important parameter to consider [82]. Figure 6B
depicts the effect of RhB initial concentration on its removal. The result reveals that the increase of the
RhB concentration decreases the removal, corresponding to those from literature [1].

At higher RhB concentration, the generation of radicals on the surface of catalyst may be reduced by
the competition of the active sites covered by RhB ions. Moreover, with the increase in the concentration
the photons may be intercepted before they can reach the catalyst surface, decreasing the absorption
of photons by the catalyst [83]. Higher concentration of RhB may also cause aggregation and even
surface dimerization and have consequentially an effect on the degradation rates [42].
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3.6. Effect of Initial pH

The pH of the dye solution was altered by adding incremental amounts of either dilute HCl or
diluted NaOH in order to study the effect of pH on dye removal. Previously, it was confirmed that
none of the salts used had any effect on the dye spectra in the absence of light. The solution was
subjected to irradiation and change in absorbance value was noted.

The removal rate was found to increase in acidic media as shown in Figure 6C. The photolytic dye
degradation appeared to be the best at pH 3 and it decreased when pH was increased. The results
implied that in alkaline medium new oxidizing species, such as hydroperoxy anion can be formed.
The new species can react with both the reactive oxygen species such as hydroxyl radicals as well as
H2O2 molecules. This can consequently lower the dye contaminant removal rate. Future studies will
be required to clarify the effect of pH on dye discoloration.

Figure 6. (A) Effect of catalyst load. (B) Effect of RhB initial concentration. (C) Effect of RhB initial
pH value.

3.7. Effect of Temperature on H2O2-Assisted Photo-Catalysis

According to Wang et al. [84], temperature is another parameter that affects the heterogenous
photo-catalysis. Therefore, in this study, 25 ◦C, 35 ◦C, 45 ◦C were selected to examine the effect of
temperature on photo-catalysis under visible light irradiation. As the temperature increased from 25 to
45 ◦C, the first-order rate constant k1 increased almost 40% (Table 2). This behavior was associated to a
decrease in the viscosity and to an enhanced diffusion of the sorbate molecule [85].

Table 2. Impact of temperature on the RhB removal kinetic rate under the CH3NH3PbI3/visible
irradiation system, experimental conditions RhB: (20 mg·L−1), H2O2 (10−4 M), photo-catalyst (0.5 g·L−1),
pH 5.

Temperature (◦C) Kinetic rate (min−1) R2

25 0.0328 0.9632
35 0.0499 0.9143
45 0.0840 0.8526

The Arrhenius equation was used to determine the activation energy as follows:

K = A*exp(−Ea/RT) (3)
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where K is the constant rate that controls the entire process, A is the Arrhenius constant, T the
solution temperature in K, Ea apparent activation energy (kJ·mol−1), and R the ideal gas constant
0.0083 kJ mol−1·K−1. The data are fitted using a linear regression (R2 0.9935). From the Arrhenius-type
plot (Figure 7). Ea value was calculated as 36.96 kJ·mol−1. Mcheik and El Jamal found similar result in
their study on removal of RhB with persulfate and iron activation [86]. The reaction appeared to be
activated also at room temperature and proceeded with relatively low energy barrier.

Figure 7. Arrhenius-type plot for the evaluation of the activation energy of the reaction.

3.8. Recyclability of the H2O2-Assisted Photo-Catalysis System

Recyclability of the photocatalyst represents one of the most important advantages of a
heterogeneous application. Thus, the recyclability of the synthesized material was evaluated by
using H2O2 to activate the process for multiple cycles. Figure 8 shows three cycles of the RhB removal
using the H2O2-hybrid organic-inorganic perovskite system irradiated under visible light. It can be
seen that after 3 cycles, the system showed a stable and effective catalytic activity on the removal
of the selected dye, and the activity loss was negligible. RhB degradation efficiency showed slight
decrease from 93% to 80% after 120 min of the third treatment. The results obtained may be caused
by active sites saturation. Moreover, the recycle was performed in series, thus a slight decrease in
photocatalyst content should be considered. It must be mentioned that the main aim of the former
study is to investigate the potential of HOIPs in photocatalytic processes. Further development on
material and process technology should be applied.

Figure 8. Degradation profile of RhB under assisted visible light photo-catalysis for three cycles.

3.9. Active Species and Possible Mechanism

In a typical photocatalytic application, when a semiconductor is irradiated with equivalent or
greater light-energy, the electrons (e−) in the valence band (VB) are excited into the conduction band
(CB) leaving holes (h+) in the VB. The photo-generated electrons and holes trigger the redox reaction.
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When the bottoms of the CB is below the reduction potential of H+ to H2 (0 V vs. NHE), and the
tops of the VB must be located more positively than the oxidation potential of H2O to O2 (1.23 V vs.
NHE) both oxidation and reduction sites are created [87]. The electron/hole pairs and reactive oxygen
species (ROS), including O2·−, and ·OH, are widely considered the main active species responsible for
photocatalytic degradation of organic contaminants [88,89].

As deeply studied by Han et al. [90], the electron spin resonance (ESR) spin-trap technique
confirms the presence of free radicals. DMPO and TEMP were used as spin trap for superoxide or
hydroxide radicals anions (O2·−, ·OH) and singlet oxygen species (1O2), respectively.

In detail, upon visible light photo-excitation of the mixture of the organo-halide perovskite and
diamagnetic 2,2,6,6-tetramethylpiperidine (TEMP), three lines with equal intensities were observed
in the recorded spectrum in Figure 9. This indicates the capture of singlet oxygen (1O2) generated
by TEMP, leading to the formation of the TEMPO radical. The irradiation period was set at 5 min,
a signal of g = 2.0001 appeared confirming photo-generation of radicals. The time of irradiation
increased and the intensity of peaks decreased, after half-hour of irradiation the resulting spectrum is
shown in Figure 9A. The decrease in spectrum intensity of peaks suggests that 1O2 radical generation
occurred in the very first intervals of the photo-catalytic process that is mainly due to their nano-second
lifetime [46,91,92]. 5,5-dimethylpyrroline N-oxide (DMPO) was utilized as superoxide and hydroxide
radical anions (O2·−, ·OH) spin trap. Four typical peaks appeared in the ESR spectrum revealing the
presence of the radicals, g factor was found equal to 1.9985. Later, the sampling period was increased,
and the lower peaks were recorded, indicating that radical generation belongs to the initial period
of irradiation. Figure 9B shows the radical peaks after 5 min of irradiation. The signal recorded
after 30 min shows a decrease in the intensity of peaks implying that no more radicals are present in
the solution.

Figure 9. Electron paramagnetic resonance (EPR) spectra using as spin-trap: (A) TEMP, red for 5 min,
black for 30 min; (B) DMPO, red for 5 min, black for 30 min.
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Finally, to evaluate also the effect of RhB in the production of radicals, a solution of equal content
(100 μL) of RhB (20 mg·L−1) and DMPO (100 mM) was prepared and irradiated in the presence of
photo-catalyst. After an irradiation time of 5 min, the ESR spectrum was recorded revealing the
presence of ·OH radicals (Figure 10). Four typical peaks were recorded also in presence of RhB,
revealing a potential synergetic effect between photo-catalyst and organic dye in the production of
hydroxyl and superoxide species. A mixed solution of RhB and DMPO was also prepared in the
absence of photo-catalyst to confirm the absence of the radicals.

Figure 10. EPR spectra using DMPO as spin-trap in presence of RhB, red with catalyst and black
without catalyst.

From the results described above, it may be concluded that both 1O2, O2·− and ·OH radicals were
produced during the visible-light photo-catalyst treatment of RhB [93,94].

The photocatalytic degradation process proceeds through excitation, transportation, and
degradation pathways. As highlighted by Yin et al. [19], during the investigation mechanism
of photocatalytic degradation of RhB by TiO2/Eosin-Y system under visible light, dye molecules
transfer electrons onto conduction bands (CB) of catalyst leading to the formation of dye cationic
radicals. Then the involved electrons generate a series of active oxygen species such as O2·−, ·OH, and
1O2 which are considered to be involved in the organic contaminant degradation. In a similar study
performed by Dutta et al. [95], two main mechanisms were proposed to promote dye degradation, one
governed by dye sensitization and the other by the photo-catalyst excitation. In the self-sensitized dye
degradation, the photo-induced electrons flow from the dyes to photo-catalyst surface as suggested
by their potential energy values. In particular, Lv et al. [96], with their respective co-authors, deeply
described the direction of the charge flow; the difference in the potential energy between the CBs
induces the electrons to transfer from higher energy level of the photo-excited dye to the lower ones of
catalyst. On the other hand, visible light excitation of MAIPb structures could also generate holes in
the valance band (VB) and electrons in the CB. Egger et al. studied the tunability of VB (ionization
potential) and CB (electron affinity) energies by the atomic orbitals of the anions and cations in different
organohalide perovskite [97]. Band energy and band gap engineering of these organic–inorganic solids
are indeed possible to be controlled by the chemical composition, and iodine presence was found
to upshift the VB and generally narrowing the band gap, favorable condition for bleaching organic
compound in aqueous solutions.

The CB transported electrons in both the materials may react with the dissolved oxygen in the
water to produce a reactive oxygen species, main responsible for the oxidative dye degradation under
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visible light irradiation. As confirmed by an interesting study on nanosized Bi2WO6 performed under
visible light by Fu et al. [98], the presence of oxygen is responsible for the activation of photo-catalysis
process. In their experiments, they confirmed the importance of the presence of dissolved oxygen in
the treated solution, since its effect is primarily to act as an efficient e− trap, leading to the generation
of reactive oxygen species and preventing the recombination of charges. Furthermore, Dutta et al.
highlighted a similar conclusion in their study on ternary nano-composite based on cadium sulphide
(CdS), TiO2, and graphene oxide. Herein, they proved how generated electrons react with the dissolved
oxygen in water to produce a reactive oxidizing agent initially in the specific form of oxygen radical
anion O2·-, responsible for the oxidative dye degradation under visible light irradiation [95].

Based on the previous discussion, a possible mechanism of RhB is depicted in Figure 11. After
self-sensitization of RhB and the excitation of organohalide perovskite, separation of charges occurs,
and transport of electron is promoted. On the other hand, dissolved oxygen can act as an electron
acceptor, and can be reduced by the promoted electron in the conduction band to form a superoxide
specie O2·− (3). The O2·− can subsequently re-oxidize to 1O2 or, in the presence of water and H2O2,
it can form ·OH. The strong oxidation power of the hole enables a one-electron oxidation step with
water to produce a hydroxyl radical ·OH. These radicals are highly ROS, able to oxidize directly organic
contaminant. In our study, the generation of O2·− and ·OH was confirmed by the ESR spectra by using
DMPO as the spin trap reagent [14], instead, TEMP was used to detect singlet oxygen and it proved
electrons and holes generation during visible light irradiation [46].

 

Figure 11. Proposed band gap energy diagram and charge transfer between RhB and photo-catalyst.

4. Conclusions

In conclusion, bare MAIPb were easily synthesized for the photocatalytic degradation of organic
dye pollutants. The degradation performance study suggested that RHB was completely degraded
after 180 min of treatment assisted by H2O2-MAIPb system under visible light irradiation. In this
work, we have shown that the outstanding optoelectronic properties of MAIPb can be addressed for
photocatalytic degradation of organic compounds. The results constitute a significant step forward
in the application of hybrid halide perovskite for solar-driven catalytic processes. It is important to
mention that the systematic evaluation of the environmental conditions must be deeply studied.
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Abstract: Photocatalysis is a green technique that can convert solar energy to chemical energy,
especially in H2 production from water splitting. In this study, ZnO and red phosphorus (ZnO/RP)
heterostructures were fabricated through a facile calcination method for the first time, which
showed the considerable photocatalytic activity of H2 evolution. The photocatalytic activities of
heterostructures with different ratios of RP have been investigated in detail. Compared to bare
ZnO, ZnO/RP heterostructures exhibit a 20.8-fold enhancement for H2 production and furthermore
overcome the photocorrosion issue of ZnO. The improved photocatalytic activities highly depend on
the synergistic effect of the high migration efficiency of photo-induced electron–hole pairs with the
inhibited charge carrier recombination on the surface. The presented strategy can also be applied to
other semiconductors for various optoelectronics applications.

Keywords: photocatalysis; H2 evolution; red P; ZnO; heterostructure

1. Introduction

To solve the current energy crisis, H2 evolution from water splitting has been considered as one
of the most promising methods for harvesting clean fuels. Since the pioneering work from Fujishima
and Honda to induce the photo-assisted decomposition of water into H2 by using UV light in 1972,
the photocatalytic properties of semiconductors have been studied in detail to directly convert solar
energy into solar fuels [1–3]. Metal oxide semiconductors, such as TiO2 [4], WO3 [5], ZrO2 [6], SnO2 [7],
CeO2 [8], ZnO [9], have been utilized as promising photo-catalyzers to generate H2 [10]. Among
them, ZnO is nontoxic, low-cost and eco-friendly, and has been investigated for photoactivity [11–13].
However, the photocatalytic efficiency of ZnO is hindered by several shortages [14,15], including the
high recombination rate of charge carriers, fatal photocorrosion [16], and the limited absorption of the
solar spectra.

It is believed that heterojunction photocatalysts can promote carrier separation, which results
in improved photocatalytic properties [17–19]. To enhance the photocatalytic performance of ZnO,
constructing a heterojunction with other materials is a general strategy [20,21]. Recently, many
metal-free elemental photocatalysts (Si, Se, P, S, B, Te) have received particular attention due to
their good photoactivity [22]. Among them, red phosphorus (RP) is considered to be a promising
candidate as it is a cost-effective and earth-abundant element [23,24]. Recently, black P/red P
heterojunctions have been synthesized by an in-situ mechanical milling method, which shows
enhanced photocatalytic activity for RhB dye degradation [25]. Xue et al. prepared a RP/C3N4
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heterojunction for photocatalytic H2 production and CO2 conversion [26]. Moreover, RP and CdS
have been constructed as heterostructure photocatalysts with enhanced photocatalytic H2 evolution
activity [27]. However, heterostructure photocatalysts based on RP and ZnO have barely been studied.

In this study, ZnO/RP heterostructures have been prepared through a facile pressure-tight
capsule calcination method, which shows enhanced photocatalytic H2 evolution performance and
good photostability. By optimizing the composition and microstructure, the as-prepared nanoparticles
exhibit excellent photocatalytic stability thanks to the coating of RP particles. The significantly
enhanced H2 evolution rate is believed to result from the synergistic effect of the high migration
efficiency of photo-induced electron–hole pairs with the inhibited charge carrier recombination in
the interface.

2. Experiments

2.1. Synthesis of ZnO/RP Heterojunction Photocatalyst

Commercial ZnO (100 mg, Aladdin, Shanghai, China, AR 99.9%) was placed into SiO2 capsules
and put into capsules with 1 mg, 5 mg, 10 mg, 15 mg of commercial RP (Aladdin, Shanghai, China),
respectively. By adjusting the used amount of RP, the coverage density of the RP on the surface of the
ZnO nanoparticle was controlled to obtain different ratios, which were marked as ZRP-X (X = weight
percentage of added RP). Followed by vacuuming and sealing, the capsules were heated to 550 ◦C for
4 h at a heating rate of 5 ◦C/min, and then cooled down to room temperature naturally. For comparison,
the pure ZnO power was also treated with the same procedure in the absence of red P.

2.2. Characterizations

X-ray diffraction (XRD) patterns were measured on instrument (D8Advance, Bruker, Karlsruhe,
Germany) using Cu-Kα-radiation. The acceleration voltage and the applied current were set as
40 kV and 40 mA, respectively. Scanning electron microscopy (SEM) was performed using a compact
(SU70, Hitachi, Tokyo, Japan) with EDS mapping using Bruker XFlash 6I10 (XFlash 6I10, Bruker,
Karlsruhe, Germany) at an accelerating voltage of 10 kV. Transmission electron microscopy (TEM)
and high resolution TEM (HRTEM) analyses were measured on a JEM-2100&Aztec Energy TEM
SP X-MaxN 80T (JEOL, Tokyo, Japan) using an accelerating voltage of 200 kV. The samples were
prepared by applying a drop of ethanol suspension onto an amorphous carbon-coated copper grid
and dried naturally. To figure out the surface chemical states, the X-ray photoelectron spectra (XPS) of
the prepared photocatalysts were recorded on a Thermo Scientific ESCALAB 250Xi (ThermoFisher
Scientific, Waltham, MA, USA). All spectra were calibrated to the binding energy of the adventitious
C1s peak at 284.6 eV. UV-vis diffuse reflectance spectra (DRS) were recorded over the spectral range of
300–800 nm on a Perkin-Elmer Lambda 750 UV-vis spectrometer (Perkin Elmer, Waltham, MA, USA),
using BaSO4 as a reflectance standard. Specific surface area (SBET) was determined with a
surface area analyzer (Nova 2000e, Quantachrome, FL, USA) from the Brunauer-Emmett-Teller
(BET) theory. Photoluminescence (PL) and Raman spectra were obtained on a HORIBA Jobin
Yvon LabRAM HR (Horiba, Kyoto, Japan) at an excitation wavelength of 325 nm and 514 nm,
respectively. The transient fluorescence decay spectra were measured by Edinburgh Instruments
FLS920 fluorescence spectrophotometer (Edinburgh Instruments, Edinburgh, UK) using the 325 nm
line of the Xe lamp as the excitation source.

2.3. Photocatalytic H2 Evolution Experiments

The photocatalytic H2 evolution experiments were performed using a reaction (CLE-SPH2N,
Aulight, Beijing, China) cell connected to a closed gas circulation and evacuation system. In a
typical procedure, 50 mg of the sample was dispersed in 100 mL of deionized water, with 10 vol%
Triethanolamine (TEOA, Aladdin, Shanghai, China) as the hole’s sacrificial agent and 50 μL 3 wt%
hydrochloroplatinic acid (ACS, 99.95%, Pt 37.5%, Alfa Aesar, Shanghai, China) as the co-catalyst.
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After being exposed to ultrasonic conditions for 5 min to get a homogeneous solution, the water
splitting experiment was measured in a closed gas recirculation system equipped with a quartz
reactor, connected to an evacuation pump and irradiated by a 300 W xenon lamp (CEL-HXF300,
Aulight, Beijing, China) under one-sun light by using an AM 1.5 solar filter to obtain a measured
intensity equivalent to standard AM 1.5 sunlight (100 mW/cm2). The light intensity was tested by an
optical power meter (CEL-NP2000-10, Aulight, Beijing, China). The amount of H2 generated from the
photocatalytic reaction was measured by a Techcomp GC 7920 gas chromatograph equipped with a
TCD detector (Techcomp GC 7920, Shanghai, China) every 30 min. High-purity nitrogen gas was used
as the carrier gas. In the long-time stability test, the reaction system was tested every 6 h of irradiation
without adding extra TEOA or Pt.

3. Results and Discussion

As illustrated in Figure 1a, the heterostructure photocatalysts were prepared by calcining
the mixture of RP and ZnO in vacuum. With the increase of the content of RP, the color of the
heterojunctions becomes darker (Figure S1). The morphology and crystal phase of the as-synthesized
samples were investigated with SEM, as shown in Figure 1b–e. It can be observed from Figure 1b,c
that ZRP-1 and ZRP-5 exhibit a hexagonal structure of ZnO, which is consistent with the previous
report [28]. On the other hand, the morphologies of ZRP-10 and ZRP-15 change as shown in Figure 1d,e,
suggesting the increase of RP concentration in the ZnO/RP heterostructures. It is widely accepted
that the activity of a photocatalyst is closely related to its morphology and crystallinity. Therefore,
the heterostructures with different RP concentrations as well as different morphologies are expected
to exhibit different performances of H2 evolution. The detailed structural information of ZnO/RP
is shown in TEM images in Figure 2a. Figure 2b shows the HRTEM image of the heterostructure.
The lattice spacing of 0.26 and 0.34 nm can be clearly observed, corresponding to the (101) plane of
ZnO and (021) plane of RP, respectively [27]. These results confirm the formation of a heterostructure
based on ZnO and RP. Furthermore, Figure 3a shows the Raman spectra of the ZnO, RP, and ZnO/RP
heterostructures, where ZnO Raman modes are located at 350–550 cm−1 while the RP shows several
well-defined modes in the 300–500 cm−1 region. For the ZnO/RP sample, a peak at 348 cm−1 related
to RP is evident, indicateingthe existence of RP in the ZRP-5 heterostructure [29]. In Figure 3b, we
show the XRD patterns of as-prepared samples. XRD patterns indicate that ZnO/RP heterostructures
are well crystalline with a hexagonal structure, and the peaks centered at 31.7◦, 34.5◦ and 47.5◦ can
be indexed to the (100), (002) and (101) planes of hexagonal ZnO (PDF#80-0074). Due to the weak
crystallization of RP, only one peak is found at 15◦ for RP corresponding to (102) planes (JCPDS card
no. 44-0906) [27,29]. It can be considered that a proper amount of RP introduction does not change
the phase structure of ZnO [30]. Compared to the pristine ZnO, no shift is detected in the ZnO/RP
heterostructure, which confirms the formation of ZnO/RP heterojunction rather than RP doped ZnO.

The photocatalytic H2 evolution rates of the samples (ZnO, ZRP-1, ZRP-5, ZRP-10 and ZRP-15)
are measured under AM1.5 irradiation. As shown in Figure 4a, the H2 evolution amounts of ZnO,
ZRP-1, ZRP-5, ZRP-10 and ZRP-15 are evaluated to be 28.68, 442.57, 594.30, 391.33, and 261.33 μmol
g−1 in the first 6 h. The H2 evolution increases with the content of RP and reaches its optimal value
when the proportion is 5 wt%. As shown in Figure 4b, ZRP-5 shows the highest photocatalytic activity
in 6 h, which shows a 20.8-fold enhancement against the bare ZnO. Obviously, the amount of RP has a
direct impact on the growth of the ZnO/RP [31]. Meanwhile, the low photoactivity of the pure ZnO
can be attributed to its limited efficiency and the high recombination rate. The separation and transfer
efficiency of the photo-generated charge carriers and recombination behavior of the photo-induced
electron and hole are crucial to the photocatalytic H2 evolution.

To investigate the separation and transfer efficiency of the photo-generated carriers over the
ZnO/RP heterostructures, the PL spectra of the as-synthesized samples are shown in Figure 5a. It is
known that the photo-induced electron in the conduction band will recombine with the hole at the
valence band, leading to the emission of fluorescence [32]. Therefore, the quench of the PL spectra
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usually indicates the inhibition of the recombination for charge carriers, implying the separation
of photo-induced electrons and holes. The pure ZnO shows two strong emission peaks: one is
located at ~392 nm, corresponding to the near band gap excitonic emission, and the other is located at
~520 nm, attributed to the presence of singly ionized oxygen vacancies. In our ZnO/RP sample, both
near band edge emission at 392 nm and defect-related emission at 520 nm decrease simultaneously.
In addition, the photoactivity of the ZnO/RP sample increases as compared to the ZnO sample.
Therefore, we believe that the decrease of PL is due to the formation of a heterostructure, which greatly
increases the charge separation efficiency and reduces the recombination probability of photogenerated
electron-holes [33,34]. Note that it has been reported that the defect-related emission at 475~625 nm
disappears in the good-quality P-doped ZnO nanowires, which has been ascribed to the P doping
effect instead of the formation of a heterojunction [35]. The results demonstrate an efficient separation
of photo-excited electron–hole pairs between ZnO and RP, which is the main reason for enhancing the
photocatalytic activity H2 evolution by using the ZnO/RP heterostructure.

 

Figure 1. (a) Synthetic procedure for ZnO and red phosphorus (ZRP) heterostructure; (b–e) SEM
images of ZnO-1, ZnO-5, ZnO-10 and ZnO-15.
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Figure 2. (a) TEM image of ZRP heterostructure; (b) HRTEM image of ZRP heterostructure.

 

Figure 3. (a) Raman spectra of red P, ZnO and ZRP-5; (b) XRD patterns of the samples: ZnO, red P
and ZRP-5.

 

Figure 4. (a) Photocatalytic H2 evolution of the as-synthesized heterojunctions under AM 1.5 irradiation;
(b) Photocatalytic H2 release yield in 6 h.

Transient fluorescence decay spectra have also been used to illustrate the recombination efficiency
of photo-induced carriers. The lifetime and the percentage of the charge carrier are summarized in
Figure 5b. The decay time with τ1 (2.31 ns, 96%) and τ2 (33.05 ns, 4%) of the transient fluorescence are
detected in the pure ZnO with 325 nm excitation. On the other hand, in the ZnO/RP heterostructure,
both τ1 (2.81 ns, 78%) and τ2 (43.54 ns 22%) increase as compared with those for pure ZnO.
This is because a portion of electrons in the conduction band (CB) of ZnO recombine with the
holes in the valence band (VB) of RP, resulting in a decreased recombination of photogenerated
electron–hole pairs in ZnO and extending the lifetime of holes in the VB of ZnO [36,37]. As confirmed,
the fast decay component τ1 2.31 ns of ZnO/RP is mainly assigned to the decreased lifetime of
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the charge recombination in the heterojunction due to the improved charge redistribution on the
heterointerface [38]. Moreover, the lifetime of τ2 43.54 ns, which is due to the prolonged charge
recombination process in the ZnO/RP can maintain the photocatalytic activity and reduce the
recombination of electron–hole pairs. As a result, the formation of new interaction generates more
effective charge separation and improves the photocatalytic activity of H2 production.

 

Figure 5. (a) Photoluminescence (PL) spectra of ZnO and ZRP-5; (b) Transient fluorescence decay
spectra of ZnO and ZRP-5.

The photocatalytic activities of semiconductors are closely related to their structure and the inner
electron behavior; thus, the UV−vis absorption spectra were measured. Figure 6a exhibits UV-vis
absorption features of ZnO, RP and ZRP-5. Accordingly, RP and ZnO show a fundamental absorption
edge at 719 nm and 373 nm, respectively. The high absorption efficiency of these heterojunction
photocatalysts will harvest more photons into the photocatalytic reaction process to enhance the
photocatalytic activity [39]. As expected, the absorption edge of the heterojunction ZRP-5 exhibits a
subtle red shift to the visible light region. According to the Kubelka–Munk rule, the bandgap of RP
and ZnO is calculated to be 1.54 and 3.27 eV [25,40], respectively. The presence of RP enhances the
light absorption for the ZnO/RP sample significantly in the region of λ > 400 nm, which is due to the
formation of ZnO/RP heterojunction and the interfacial interaction [27].
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Figure 6. (a) UV-vis diffuse reflectance spectra of ZnO, red P and ZRP-5; (b) The XPS survey spectra of
ZnO, red P and ZRP-5; (c) The XPS spectra P 2p of ZRP-5 and red P; (d) The XPS Zn 2p spectra of ZnO
and ZRP-5.

XPS analysis was performed to investigate the chemical states of pure ZnO, ZRP-5 and RP, as
shown in Figure 6b. The P 2p spectra of ZRP-5 and RP are shown in Figure 6c. For the RP, the spectrum
shows that its surface is mainly composed of P0 atoms (129.8 eV) and a certain amount of P5+ atoms
(134.47 eV) [32,41]. For ZRP-5, there are two peaks of P 2p located at 133.5 and 128.5 eV, which is
consistent with P5+ and P0, respectively. Remarkably, the binding energy of P 2p shifts toward lower
energies compared with that of the pristine RP, revealing that the charge transfer in these heterojunction
photocatalysts. In Figure 6d, Zn 2p spectrum shows two strong peaks located at 1020.8 and 1044 eV
for the pure ZnO. ZRP-5 it presents double peaks at 1021.8 and 1044.9 eV. These two peaks shift to
the higher binding energies, indicating the strong interaction between ZnO and RP and the possible
transfer of photogenerated charge carriers [32]. The XPS results reveal the strong interaction and
chemical bonding between ZnO and RP, which are believed to result in the fast immigration of charge
carriers and the separation of photo-excited electron–hole pairs.

To investigate the effect on the surface area and pore structure of ZnO/RP, the N2 adsorption–
desorption isotherms were measured, and the textural parameters derived from the isotherms data
are summarized in Table S1. The BET specific surface area of pure ZnO and ZRP-5 are 11.85 m2/g
and 16.24 m2/g, respectively. However, we cannot find a direct correlation between photocatalytic
H2 evolution activity between the BET surface area and pore volume, which excludes the possibility
that the BET surface area and pore volume are the crucial factors for the improved photocatalytic
activity [32].

For comparison, the photoactivity of the mechanical mixture of ZnO and RP was also investigated.
Figure S2 displays the photocatalytic H2 production of the mechanical mixture sample, which shows
negligible H2 evolution, even smaller that of pure ZnO, probably due to the shield effect [41].
The results highlight the important role the interface of the ZnO/RP heterostructure, which is crucial
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to the formation of electronic interaction and electron transfer. Note that no photocatalytic activity has
been observed for the pure commercial red phosphorus used in this study. ZRP-X heterostructures
show obviously increased H2 evolution rates due to the improved light absorption and the low
recombination of photogenerated carriers resulting from the heterojunction structure [13]. However,
with the increasing concentration of RP (>5 wt %) in the heterostructure, the photocatalytic reactivity
appears to decrease. This might be attributed to the serious agglomeration of RP particles, leading to
the blocking of the light absorption [27].

As a typical photocatalyst, the instability has been a critical issue for ZnO because of the
photocorrosion [23]. Figure S3a shows the evolution curves of H2 in a cycling photocatalytic three
times to test the stability of the heterojunction. The ZnO/RP heterostructure tends to be stable, and
no quick decrease is observed after the test, showing the good photostability of the heterojunction
due to the introduction of RP. In addition, the XPS patterns Figure S3b of ZRP-5 before and after 18 h
irradiation are determined to investigate the structure stability, and no distinguishable change can be
observed, providing evidence for the improved stability of heterojunctions.

In order to determine the photocatalytic mechanism of the heterostructure, the ZRP-5 sample
is measured by valence band XPS, and the valance band minimums (VBMs) of the samples are
determined in Figure S4. Both ZnO and ZRP-5 samples display a typical VBM at about 2.27 eV.
However, compared with the pure ZnO, a small peak within the range of 0.5–2.0 eV is located at 1.2 eV
for ZRP-5, which indicates that the VBM of RP is approximately located at 1.07 eV. Based on their
bandgap values, the band alignment of the heterojunction belongs to type-I.

The type-I heterojunction in Figure 7 is considered to be the possible mechanism to explain
the improved photocatalytic activity [20]. For the type-I configuration in our work, under the light
irradiation, electrons and holes will accumulate in the conduction band minimum (CBM) and VBM of
RP, respectively. Therefore, efficient band alignment can be used to separate the charge carriers and
reduce the carrier recombination, which results in significant enhancement of photocatalytic activity.
Besides this, chloroplatinic acid was added before the photocatalytic reaction. Under AM 1.5 radiation,
the Pt+ ions are reduced to Pt nanoparticles at the reduction sites. Therefore, the reaction site can be
determined by the Pt distribution on the samples after the reaction. After the photocatalyst reaction,
Pt is loaded on the RP as confirmed by the EDS mapping (Figure S5): this result indicates that the
reduction reaction occurs on the RP site, which is consistent with the mechanism discussed above.

Figure 7. Type—band alignment of ZnO and RP.
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4. Conclusions

We have developed a novel kind of type-I ZnO/RP heterostructure photocatalyst through a simple
calcination method under vacuum. Compared to the pure ZnO and red P, ZnO/RP heterostructures
exhibit enhanced photocatalytic activity for H2 evolution and excellent photostability under AM1.5
light irradiation. As confirmed by PL and transient fluorescence spectra, the enhancement of water
splitting to H2 evolution is believed to result from the rapid transfer and effective separation of
photogenerated electrons and holes between the heterointerface of ZnO and RP. Thus, the increased
charge carrier lifetime and the decreased recombination rate of the photogenerated electron–hole
pairs both contribute to the enhancement of photocatalytic activity. This work not only demonstrates
a photocatalyst based on ZnO/RP heterostructure, but also provides a simple strategy to construct
heterojunctions that can also be applied to other semiconductors for optoelectronics applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/10/835/
s1, Figure S1: Digital photograph of the heterostructure (A:ZRP-1, B:ZRP-5, C:ZRP-10, D:ZRP-15), Figure S2:
The photocatalytic H2 production of red P, ZnO, and mechanical mixture (the content of red P is 5%), Figure S3:
(a) The recycling H2 evolution reaction of ZRP-5 heterojunction. (b)The compared XPS pattern of ZRP-5 before
and after irradiation, Figure S4: The valence band XPS of ZnO and ZRP-5, Figure S5: (a) SEM image of recycled
ZRP-5 sample after water splitting photocatalytic reaction. (b–d) EDS mapping of O, Zn, P and Pt. (f) EDS spectra;
Table S1: Specific surface area and pore volume of the samples.
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Abstract: Oxygen evolution reaction (OER) is a pivotal step for many sustainable energy technologies,
and exploring inexpensive and highly efficient electrocatalysts is one of the most crucial but challenging
issues to overcome the sluggish kinetics and high overpotentials during OER. Among the numerous
electrocatalysts, metal-organic frameworks (MOFs) have emerged as promising due to their high
specific surface area, tunable porosity, and diversity of metal centers and functional groups. It is
believed that combining MOFs with conductive nanostructures could significantly improve their
catalytic activities. In this study, an MXene supported CoNi-ZIF-67 hybrid (CoNi-ZIF-67@Ti3C2Tx)
was synthesized through the in-situ growth of bimetallic CoNi-ZIF-67 rhombic dodecahedrons on the
Ti3C2Tx matrix via a coprecipitation reaction. It is revealed that the inclusion of the MXene matrix
not only produces smaller CoNi-ZIF-67 particles, but also increases the average oxidation of Co/Ni
elements, endowing the CoNi-ZIF-67@Ti3C2Tx as an excellent OER electrocatalyst. The effective
synergy of the electrochemically active CoNi-ZIF-67 phase and highly conductive MXene support
prompts the hybrid to process a superior OER catalytic activity with a low onset potential (275 mV
vs. a reversible hydrogen electrode, RHE) and Tafel slope (65.1 mV·dec−1), much better than the
IrO2 catalysts and the pure CoNi-ZIF-67. This work may pave a new way for developing efficient
non-precious metal catalyst materials.

Keywords: oxygen evolution reaction; metal-organic frameworks; MXene; Ti3C2Tx; hybrid

1. Introduction

With the rapid combustion of fossil fuels and the ever-growing concerns relating to the
environmental crisis, developing sustainable energy technologies (such as metal-air batteries and
water splitting) has triggered extensive attention [1]. Oxygen evolution reaction (OER) is the key
process for these electricity-driven devices, but it has been significantly hindered by its sluggish
kinetics and substantial overpotential [2]. Therefore, highly active electrocatalysts are required to
increase the reaction rate and to lower the overpotentials in the OER process. To date, the precious
metal oxides (e.g., RuO2 and IrO2) are the best electrocatalysts with a promoted proton-coupled
charge transfer process, but their scale-up implementation has been greatly hampered by their high
price, scarcity and poor durability [3,4]. Within this context, increasing efforts have been devoted
to the exploration of inexpensive, earth-abundant and highly efficient electrocatalysts for OER [5].
Among them, the earth-based transition metal-rich compounds, including transition metal oxides [3],
sulfides [6] and phosphides [7], have exhibited great promise as OER electrocatalysts.

Recently, metal organic frameworks (MOFs) consisting of the coordination of organic ligands
and metal ions or clusters have received increasing attention for catalysis-related applications [4,8].
MOFs are an important class of porous solids in electrocatalysis in view of their high specific surface
area, tunable porosity, and diversity of metal centers and functional groups [9]. However, it is
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still a challenge to directly utilize MOFs as efficient OER electrocatalysts because of their poor
conductivity. One commonly-used strategy is adopting MOFs as precursors to prepare metal-based
compounds/porous carbon composites via a high-temperature pyrolysis. However, the active sites
and intrinsic structure of MOFs are inevitably sacrificed with the loss of organic ligands during the
pyrolysis [10]. Another possible strategy is to combine MOFs with conductive nanostructures, which
has demonstrated a significant enhancement in the electrocatalytic properties [11,12].

MXene is a new class of two-dimensional materials, synthesized by selectively etching A layers
from its MAX phase [13]. It can be represented using a formula of Mn+1XnTx, where M is the early
transition metal, X stands for C and/or N elements, and T for the surface terminations (–O, –F or
–OH) [14]. MXene has emerged as a promising nanomaterial in various fields, including energy
storage [15,16], energy conversion [11,17], water purification [18], electromagnetic interference [19],
and so on, owing to its excellent electrical conductivity and surface hydrophilicity. Besides, MXene
also demonstrated the possibility of being an excellent support by altering the electrophilicity of active
centers in the supported catalysts and thus modifying the catalytic activity of the composites [20].

In this work, a MXene supported CoNi-ZIF-67 hybrid (CoNi-ZIF-67@Ti3C2Tx) was synthesized
by the in-situ growth of bimetallic CoNi-ZIF-67 rhombic dodecahedrons on the Ti3C2Tx matrix via
a coprecipitation reaction. The effective synergy of the CoNi-ZIF-67 and MXene phases endows the
hybrid with a remarkable electrocatalytic activity for OER, with a low onset potential (275 mV vs. a
reversible hydrogen electrode, RHE) and Tafel slope (65.1 mV·dec−1).

2. Materials and Methods

2.1. Preparation of Ti3C2Tx MXene

Ti3AlC2 powder was first prepared via the HF-etching method [21]. Briefly, 1 g of Ti3AlC2

powder was blended with 40 mL of 40 wt.% HF solution under continuous stirring at 45 ◦C for 24 h.
The resulting suspension was separated by centrifugation, washed several times with distilled water,
and freeze-dried, obtaining the accordion-like Ti3C2Tx MXene.

2.2. Preparation of CoNi-ZIF-67@Ti3C2Tx and Pure CoNi-ZIF-67

Typically, 300 mg Ti3C2Tx, 0.9 mmol Co(NO3)2·6H2O and 0.1 mmol Ni(NO3)2·6H2O were dispersed
in 8 mL methanol under sonication for 1 h. Then, 8 mmol of 2-methylimidazole was dissolved in
another 8 mL methanol under stirring for 30 min. The two above solutions were mixed together,
followed by adding 2 mg of hexadecyl trimethyl ammonium bromide (CTAB) and continuously
stirring for 8 h at room temperature. The final precipitates were collected by centrifugation, washed
with methanol and water several times, and dried at 60 ◦C under vacuum for 12 h. As a control,
pure CoNi-ZIF-67 was prepared via the same procedure but without adding the Ti3C2Tx.

2.3. Materials Characterizations

The morphology and structure of the as-prepared catalysts were characterized by scanning electron
microscopy (SEM, Hitachi SU8010, Tokyo, Japan), transmission electron microscopy (TEM, JEM 2100
LaB6, Tokyo, Japan), powder X-ray diffractometer analysis (XRD, Bruker D8 Advance instrument,
Karlsruhe, Germany) with a Cu Kα irradiation source at a scanning rate of 1◦ per min, and X-ray
photoelectron spectroscopy (XPS, PHI5000 Versaprobe, Kanagawa, Japan) with an Al Kα X-ray source.
The binding energies of the XPS measurements were calibrated to the C 1s peak at 285.0 eV. The specific
surface areas and pore size distribution of the catalysts were conducted on the ASAP2460 Surface Area
and Porosity Analyzer (Micromeritics, Atlanta, GA, USA). The surface areas (SBET) were calculated
from the N2 sorption isotherms via the Brunauer-Emmett-Teller method, and the pore size distributions
were calculated from the N2 isotherms using the non-local density functional theory (NLDFT) method.
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2.4. Electrode Preparation and Electrochemical Measurements

All electrocatalytic performances were evaluated on a CHI 760E electrochemical workstation
(Chenhua Instrument, Shanghai, China) with a standard three-electrode system in 0.1 M KOH aqueous
solution at room temperature. A glassy carbon electrode (GCE, 5 mm in diameter) coated with the
as-prepared catalysts was employed as the working electrode, a Hg/HgO electrode as the reference
electrode and a graphite rod as the counter electrode. Before the test, the catalyst ink was prepared by
dispersing 10 mg of catalyst powder in a mixture of 40 μL 5 wt.% Nafion solution (Sigma-Aldrich,
Shanghai, China), 750 μL water and 250 μL ethanol. After ultrasonication for 30 min, 10 μL of the
catalyst ink was pipetted onto the freshly-polished GCE with a catalyst mass loading of ~0.5 mgcat·cm−2.
All the potentials were calibrated to a reversible hydrogen electrode (RHE) according to the equation,
E(RHE) = E(Hg/HgO) + 0.059pH + 0.098. Before the electrochemical measurement, the electrolyte was
bubbled with an O2 flow for 30 min, and a gas flow was maintained over the electrolyte during the
measurement to ensure the O2 saturation. The polarization curves were tested using the linear sweep
voltammetry (LSV) at a scan rate of 50 mV·s−1. The double-layer capacitance (Cdl) was calculated from
the cyclic voltammetry (CV) curves in a small potential range of 1.023–1.073 V vs. RHE without the
occurrence of an apparent faradic process. The plots of the current density difference [ΔJ = (Ja − Jc)],
at 1.048 V vs. RHE against the scan rates of 10–60 mV·s−1, were linearly fitted, and the slope is the
Cdl of the catalysts. Electrochemical impedance spectroscopy (EIS) was carried out at 1.46 V vs. RHE
in a frequency range of 0.1–105 Hz. For the stability test, the catalysts were performed at 1.46 V vs.
RHE over a 20,000 s continuous time. In comparison, the commercial IrO2 catalyst purchased from
Sigma-Aldrich with the same catalyst mass loading was tested under the same conditions.

3. Results

The preparation procedure of CoNi-ZIF-67@Ti3C2Tx is illustrated in Figure 1. In brief,
the accordion-like Ti3C2Tx was first prepared by the selective etching of Al layers from the Ti3AlC2

MAX phase using HF. Then, Co2+ and Ni2+ ions with 2-methylimidazole in methanol were added.
The bimetallic CoNi-ZIF-67 could grow in-situ on the Ti3C2Tx via a coprecipitation reaction. Considering
the negatively charged Ti3C2Tx surface due to the presence of numerous surface termination groups
(e.g., –O, –OH, and –F) introduced during the etching process, Co2+ and Ni2+ ions could be easily
adsorbed on these termination group sites by electrostatic interaction, and could in-situ synthesize
CoNi-ZIF-67 rhombic dodecahedrons on the surface and between the interlayers of Ti3C2Tx.

Figure 1. Schematic illustration of the preparation of CoNi-ZIF-67@Ti3C2Tx.

The XRD analysis was investigated for the structural characterization of the pristine Ti3C2Tx,
CoNi-ZIF-67@Ti3C2Tx, and pure CoNi-ZIF-67. As shown in Figure 2a (enlarged image in Figure S1),
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the XRD pattern of the pristine Ti3C2Tx represents the characteristic strong peak of the (002) plane at
8.2◦, and the weak peaks of the (004), (101) and (110) planes according to the JCPDS card no. 52-0875,
confirming the successful preparation of the Ti3C2Tx phases. The pure CoNi-ZIF-67 shows the typical
sharp peaks, consistent with the reported literatures [22]. The XRD pattern of the CoNi-ZIF-67@Ti3C2Tx

hybrid displays a superimposition of the two phases, featured with four obvious peaks at 6.6◦ of the
(002) plane and 61.2◦ of the (110) plane for Ti3C2Tx, and 7.4◦ of the (011) plane and 12.8◦ of the (112) plane
for CoNi-ZIF-67, revealing the effective combination of the CoNi-ZIF-67 and Ti3C2Tx phases. It notes
that an apparent shift of the (002) plane to a lower angle was detected in the CoNi-ZIF-67@Ti3C2Tx,
compared with the pristine Ti3C2Tx phase. This left-shift suggests a c-lattice parameter change from
2.16 nm in Ti3C2Tx to 2.68 nm in the hybrid, disclosing the intercalation of the Ti3C2Tx layers due to
the inclusion of the CoNi-ZIF-67 particles.

Figure 2. (a) X-ray diffraction (XRD) patterns of Ti3C2Tx, CoNi-ZIF-67@Ti3C2Tx, and pure CoNi-ZIF-67.
Scanning electron microscopy (SEM) images of (b) Ti3C2Tx; (c) CoNi-ZIF-67@Ti3C2Tx, and (d)
pure CoNi-ZIF-67.

The morphology of the as-prepared catalysts was characterized by SEM and TEM, revealing the
hybrid structure of CoNi-ZIF-67@Ti3C2Tx. Figure 2b shows the SEM image of the pristine Ti3C2Tx,

showing the typical accordion-like structure. The CoNi-ZIF-67@Ti3C2Tx hybrid remains a multilayered
structure as the pristine Ti3C2Tx but attached with numerous small particles with a size of 100–200 nm
between the interlayers of Ti3C2Tx (Figure 2c). During the HF etching process, Al layers were removed
from the MAX phase, and Ti atoms were bonded with the surface functional groups (–O, –OH, or –F),
conferring the Ti3C2Tx with negatively charged surfaces [23], which would facilitate the absorption
of positively charged Co2+ and/or Ni2+ ions and subsequently coordinate with 2-methylimidazole
molecules for an in-situ synthesis of the CoNi-ZIF-67 particles [11]. As a result, a significant intercalation
of the Ti3C2Tx layers is observed in Figure 2c due to the inclusion of the CoNi-ZIF-67 particles. Figure 2d
presents the SEM image of the pure CoNi-ZIF-67, showing the typical rhombic dodecahedral structure
of CoNi-ZIF-67 and a uniform particle size of 400–600 nm. Particularly, the CoNi-ZIF-67 particles
grown on the Ti3C2Tx surface are much smaller than the pure CoNi-ZIF-67 particles (Figure 2c,d). It is
speculated that the Ti3C2Tx matrix reduced the aggregation of CoNi-ZIF-67 and deterred the particle
growth of CoNi-ZIF-67. In the preparation process, CTAB was added as a sealing agent to aid the
formation of smaller and uniform CoNi-ZIF-67 particles. Figure S2 shows the SEM images of two
CoNi-ZIF-67 catalysts with CTAB and without CTAB. It can be seen that the CoNi-ZIF-67 particles
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using CTAB are in the range of 400–600 nm (Figure S2a,b), while the CoNi-ZIF-67 without CTAB
exhibits a relatively wider particle size range, from 300 nm to 1 μm (Figure S2c,d). Besides, it is revealed
that the CTAB could also facilitate the intercalation of the CoNi-ZIF-67 particles into the interlayers of
Ti3C2Tx (Figure S3).

The TEM images in Figure 3 confirm the hybrid structure of CoNi-ZIF-67@Ti3C2Tx and the rhombic
dodecahedral structure of pure CoNi-ZIF-67. Compared with the accordion-like structure of Ti3C2Tx,
the composite maintained the multilayered structure but was firmly attached with numerous particles
on the surface and between the interlayers of Ti3C2Tx. It should be noted that the pristine MXene
shows obvious lattice fringes for the layers (Figure 3b), while the lattice fringes were not observed in
the CoNi-ZIF-67@Ti3C2Tx (Figure 3d). We speculate that the MXene is coated with a thick layer of
CoNi-ZIF-67 in the hybrid, and that it is therefore not as easy to observe the lattice fringes in the hybrid
as in the pristine MXene. In addition, the high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and EDX elemental mapping images of the CoNi-ZIF-67@Ti3C2Tx hybrid
demonstrate the distribution of C, Co and Ni elements on the surface of MXene (Figure S4).

Figure 3. Transmission electron microscopy (TEM) images of (a,b) Ti3C2Tx, (c,d) CoNi-ZIF-67@Ti3C2Tx,
and (e,f) pure CoNi-ZIF-67 at different magnifications.

The porosity of the as-prepared catalysts was measured by nitrogen adsorption isotherms,
as shown in Figure S5a. The specific surface areas (SBET) for Ti3C2Tx, CoNi-ZIF-67@Ti3C2Tx, and
pure CoNi-ZIF-67 were 14.1, 202.9, and 1135.8 m2·g−1, respectively. The pure CoNi-ZIF-67 exhibits a
dominant pore size of 1.08 and 1.3 nm, while the CoNi-ZIF-67@Ti3C2Tx provides a larger dominant
pore size of 1.74 nm (Figure S5b–d).

The XPS analysis further confirms the co-existence of C, Ti, Co and Ni elements in the
CoNi-ZIF-67@Ti3C2Tx, with the elemental contents of 50.4, 11.2, 2.9 and 0.3 at.%, respectively (Table S1).
The high resolution C 1s spectrum in Figure 4a can be deconvoluted into four peaks at 282.0, 285.0,
285.5 and 286.5 eV, which are attributed to the C–Ti, C=C, C–C and C–O species [11], respectively.
The Ti region shows two pairs of 2p3/2/2p1/2 doublets for the Ti–C (455.6 eV) and Ti–O (457.3 eV)
species [21]. The Co 2p spectrum features three prominent species: Co2+ (782.6 eV for 2p3/2), Co3+
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(781.5 eV for 2p3/2) and satellite (787.2 eV) [24]. The MXene has an abundant number of surface
termination groups (e.g., –O, –OH, and –F), which could adsorb the Co2+/Ni2+ ions on the MXene
surface and may change the Co/Ni oxidation during the pyrolysis process in the inert atmosphere.
Consequently, the high-resolution Co/Ni XPS fitting may be helpful for explaining this part. The noise
of the Co/Ni region is relatively high due to their low concentrations (Figure 4c,d). Consequently,
we fitted the XPS data within the fitting error (

∑
χ2) below 2. The Ni 2p region was analyzed into Ni2+

(855.0 eV for 2p3/2), Ni3+ (856.7 eV for 2p3/2) and satellite (861.1 eV) [25]. The core level peak analyses
for the Co and Ni elements were listed in Tables S2 and S3. Interestingly, the CoNi-ZIF-67@Ti3C2Tx

exhibits a relatively higher ratio for the Co3+/Co2+ species than the pure CoNi-ZIF-67 does, and the
same trend can be observed in the Ni elements (Figure S6). We speculate that the introduction of
MXene leads to the oxidation of the Co and Ni species in the CoNi-ZIF-67 phases, which may result
from the numerous surface terminations on the MXene (–O or –OH), and which thus indicates the
interaction between the MXene substrate and the in-situ grown CoNi-ZIF-67 phases.

Figure 4. High resolution X-ray photoelectron spectroscopy (XPS) spectrum of (a) C 1s; (b) Ti 2p; (c) Co
2p and (d) Ni 2p for CoNi-ZIF-67@Ti3C2Tx.

The electrocatalytic activity of the as-prepared catalysts was first evaluated in a 0.1 M KOH solution
in a standard three-electrode cell. Figure 5a presents the iR-corrected linear sweep voltammetry (LSV)
curves at a scan rate of 50 mV·s−1. It is apparent that the Ti3C2Tx has no OER activity. Meanwhile,
the CoNi-ZIF-67@Ti3C2Tx hybrid shows an enhanced electrocatalytic activity with a much larger
current density than the pure CoNi-ZIF-67, which confirms the positive effect of the Ti3C2Tx matrix
on enhancing the OER activity. Accordingly, the CoNi-ZIF-67@Ti3C2Tx displays a lower onset
overpotential of 275 mV than the pure CoNi-ZIF-67 does (341 mV). The OER activity is also better
than that of the as-purchased IrO2 catalyst, with an onset potential of 281 mV, which indicates the
good electrocatalytic performance of the CoNi-ZIF-67@Ti3C2Tx hybrid. Another critical indicator of
the OER activity is the overpotential at a current density of 10 mA·cm−2 (ηj = 10), which is generally
attributed to an approximately 10% efficient solar-to-fuel conversion device [23]. As listed in Figure 5b,
the CoNi-ZIF-67@Ti3C2Tx shows the lowest ηj = 10 value (323 mV), when compared to the CoNi-ZIF-67
(389 mV) and IrO2 catalysts (345 mV). It can be seen that the pure CoNi-ZIF-67 exhibited a poor catalytic
performance, when compared to the as-purchased IrO2 catalyst, which is mainly related to the instinct
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poor conductivity of the CoNi-ZIF-67, and which thus demonstrates the contribution of the MXene
matrix to the good OER activity in the composite. Besides, in view of the XPS analysis (Tables S1–S3),
no obvious changes in the Co/Ni atomic ratio, other than an apparent increase in the average oxidation
state of both the Co and Ni elements, were detected after introducing the MXene matrix in the
CoNi-ZIF-67 phase. We speculated that the enhanced OER activity of CoNi-ZIF-67@Ti3C2Tx may also
be related to the altering of the oxidation state of the transmission metal (Co and Ni) active sites [23].

Figure 5. (a) Linear sweep voltammetry (LSV) curves of the catalyst Ti3C2Tx, CoNi-ZIF-67@Ti3C2Tx,
pure CoNi-ZIF-67 and IrO2 at 50 mV·s−1; (b) A comparison of the catalysts in the onset potential and
overpotential at a current density of 10 mA·cm−2; (c) Tafel plots of the different catalysts; and (d)
Chronoamperometry curves at 1.46 V vs. RHE over a 20,000 s continuous time.

The Tafel slope is a pivotal parameter for providing insightful information on the OER mechanism,
particularly for the elucidation of OER kinetics and the rate-determining step [1]. In this regard,
the Tafel slopes of the catalysts were plotted in Figure 5c. The value for CoNi-ZIF-67@Ti3C2Tx is
65.1 mV·dec−1, much smaller than that of the as-purchased IrO2 catalyst (87.2 mV·dec−1), thus revealing
the higher OER rate and favorable kinetics of the CoNi-ZIF-67@Ti3C2Tx hybrid. However, it should be
note that, in our work, the Tafel plot of the as-purchased IrO2 catalyst is higher than that of the reported
nano-sized IrO2 catalyst [26], which may be related to the morphology or size of the as-purchased
IrO2 in the reported works. Additionally, a comparison of the OER performance between the recently
reported CoNi-based electrocatalysts with the CoNi-ZIF-67@Ti3C2Tx in this work was listed in Table S4,
indicating the excellent electrocatalytic properties of the CoNi-ZIF-67@Ti3C2Tx.

Furthermore, the durability of the catalysts was also performed at a constant potential of 1.46 V vs.
RHE. As shown in the chronoamperometry curves (Figure 5d), the current of the CoNi-ZIF-67@Ti3C2Tx

hybrid remains nearly constant, with up to a 97.3% retention over a continuous time of 20,000 s,
which is much more superior than that of the pure CoNi-ZIF-67 (92.6% retention) and that of the IrO2

catalyst (only 43.4% remained), demonstrating the excellent stability of the CoNi-ZIF-67@Ti3C2Tx.
To better understand the catalytic activity of the CoNi-ZIF-67@Ti3C2Tx hybrid,

the electrochemically active surface area (ECSA) of the catalysts was investigated. The ECSA is
normally positively correlated with the electrochemical double-layer capacitance (Cdl) [27]. Therefore,
Cdl was calculated from the cyclic voltammetry (CV) curves at different scan rates in a narrow potential
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range of 1.023–1.073 V vs. RHE (Figure S7). As shown in Figure 6a, CoNi-ZIF-67@Ti3C2Tx gives a much
higher Cdl (5.77 mF·cm−2) than the Ti3C2Tx (1.18 mF·cm−2) and the pure CoNi-ZIF-67 (1.57 mF·cm−2)
do, indicating a higher ECSA and more active sites in the hybrid. The higher ECSA is consistent with
the smaller particle size of CoNi-ZIF-67 in the hybrid, as shown in Figure 2, which would expose more
electrochemical active sites with the electrolyte solution. Additionally, the electrochemical impedance
spectroscopy measurement was carried out to analyze the interfacial resistance of the electrocatalysts
(Figure 6b). The Nyquist plots of the catalysts were fitted by the RC circuit model, as shown in the
inset of Figure 6b, including an internal resistance (R1) and a charge transfer resistance (R2) for the
electrochemical reaction [28–32]. The simulated R1 and R2 were shown in Table S5, which reveals that
CoNi-ZIF-67@Ti3C2Tx exhibits a smaller R1 and R2 than the pure CoNi-ZIF-67 and IrO2, disclosing the
optimized charge-transfer capacity of the hybrid during the OER process.

Figure 6. (a) ΔJ = (Ja−Jc) plotted scan rates and (b) Nyquist plots for different catalysts.

4. Conclusions

In summary, a MXene supported CoNi-ZIF-67 hybrid was synthesized via the in-situ growth of
CoNi-ZIF-67 rhombic dodecahedrons on the Ti3C2Tx matrix via a coprecipitation reaction. It is
shown that the addition of CTAB during the preparation process would aid the formation of
smaller and uniform CoNi-ZIF-67 particles, while the CTAB could also facilitate the intercalation of
CoNi-ZIF-67 particles into the interlayers of Ti3C2Tx, forming a hybrid structure composed of two
phases. This CoNi-ZIF-67@Ti3C2Tx hybrid exhibited a superior OER catalytic activity with a low
onset potential (275 mV vs. a reversible hydrogen electrode, RHE) and Tafel slope (65.1 mV·dec−1),
much better than that of the IrO2 catalysts and the pure CoNi-ZIF-67. On the basis of a comprehensive
analysis, it is speculated that the good OER activity for the CoNi-ZIF-67@Ti3C2Tx hybrid may be
attributed to the following factors: (i) an enhanced conductivity of CoNi-ZIF-67 after the inclusion
of the MXene matrix, (ii) a hybrid structure with smaller CoNi-ZIF-67 particles, (iii) an increase
in the oxidation state of the Co and Ni elements after the introduction of MXene, and (iv) a high
electrochemically active surface area for the hybrid. Therefore, the effective synergy shows the hybrid
to be an excellent OER electrocatalyst that may pave a new way for the development of efficient
non-precious metal electrocatalysts for OER.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/5/775/s1,
Table S1: Elemental compositions of Catalysts (at.%) determined by XPS, Table S2: Co2p core level peak
analyses of catalysts (at.%), Table S3: Ni2p core level peak analyses of catalysts (at.%), Table S4: Comparisons of
OER performance between recent reported CoNi-based electrocatalysts with CoNi-ZIF-67@Ti3C2Tx, Table S5,
The simulated internal resistance (R1) and charge transfer resistance (R2) from the Nyquist plots, Figure S1:
Enlarged image of XRD patterns of catalysts, Figure S2: SEM images of pure CoNi-ZIF-67 prepared by the same
procedure but with CTAB (a,b) and without CTAB (c,d), Figure S3: SEM image of CoNi-ZIF-67@Ti3C2Tx without
using CTAB, Figure S4: HAADF-STEM images and the corresponding elemental maps of C, Ti, Co and Ni in the
CoNi-ZIF-67@Ti3C2Tx, Figure S5: Nitrogen adsorption isotherms and pore size distribution of catalysts, Figure S6:
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XPS results of Ti3C2Tx and CoNi-ZIF-67, Figure S7: CV curves in a potential range of 1.023–1.073 V vs. RHE
of catalysts.
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Abstract: Magnetic nitrogen-doped porous carbon (MNPC) has been prepared via self-catalytic pyrolysis
of bimetallic metal-organic frameworks (MOFs). The as-obtained MNPC showed favorable features for
antibiotics adsorption such as high specific surface area (871 m2 g−1), high pore volume (0.75 cm3 g−1),
porous structure, good graphitization degree, and rich N-doping. Moreover, the MNPC has magnetic
properties due to the Co species, which is embedded with a high dispersion, so the absorbent can be
easily separated. Based on the above excellent characteristics, the MNPC was used as the absorbent
for norfloxacin (NOR) removal. The experimental maximum NOR adsorption capacity of MNPC was
55.12 mg g−1 at 298.15 K and a pH of 6.0 with an initial NOR concentration of 50 mg L−1. The data
analysis of the kinetics revealed that the experimental data of NOR uptakes versus time agreed with
the pseudo-second order model. The isotherm data analysis revealed the favorable application of the
Freundlich model. Based on the adsorption results over a wide range of conditions, the dominant
adsorption mechanisms were found to be pore-filling, electrostatic interaction, and the H-bond.

Keywords: self-catalytic pyrolysis; porous carbon; metal–organic frameworks; antibiotics; adsorption

1. Introduction

Over the past few decades, the emission of pharmaceutical compounds into the environment
has sharply increased due to fast population growth and the rapid expansion of the pharmaceuticals
industry. Antibiotics are one of most important type of pharmaceuticals, and are usually used
as drugs or feed additives [1–4]. However, large amounts of antibiotics are stable and cannot be
easily degraded, thus they are persistent in the environment. In addition, antibiotics could generate
antibiotic-resistance genes in microorganisms, which can proliferate and widely disseminate in
ecosystems. Fluoroquinolones are a commonly used antibiotic and their concentration is relatively
high in the environment [5,6]. Norfloxacin (NOR) is one of the most frequently used fluoroquinolone
antibiotics, and is always used to treat infectious diseases. It has been detected in the surface water and
found to be toxic to aquatic organisms and human beings [7,8]. Therefore, it is necessary to develop a
cost-effective method to remove NOR from wastewater.

Such methods as advanced oxidation, electrochemical methods, and biological treatments have
been applied extensively to remove NOR from wastewaters. Among all of these methods, adsorption
is the top priority owing to its simplicity, low operating cost, safety, and efficiency [9–11]. With such
advantages as a large specific surface area and porous structure, carbon materials have been applied to
remove NOR from water. For example, Xing et al. investigated the adsorption of norfloxacin (NOR)
onto multiwall carbon nanotubes and activated carbon, and the results showed that activated carbon
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(AC) has a better NOR sorption capacity due to its higher surface area [12]. Theydan et al. prepared
AC from a lignocellulosic biomass to remove NOR from water, and a maximum removal percentage of
98.13% was achieved [13]. Although a significant amount of research has been expended on adsorbing
materials for antibiotics removal during the past few decades, development of novel adsorbents with
higher performance is still needed.

As a new class of porous inorganic–organic materials, metal–organic frameworks (MOFs), have
attracted wide attention owing to their high surface area and tunable pore size, which is widely used
in areas of drug delivery, gas storage, and separation and catalysis [14–17]. Recently, MOFs have
been used as templates or novel sources to prepare porous carbons through further carbonization.
For example, Xu et al. applied MOFs as sacrificial templates to synthesis nanoporous carbons for the
first time. They introduced furfuryl alcohol into the MOF-5 through a vapor phase protocol, which
was then carbonized at 1000 ◦C under an inert atmosphere to obtain porous carbon [18]. Park et al.
presented hierarchically porous carbon from highly crystalline MOFs and used it as a hydrogen
storage adsorbent [19]. Most recently, Huang et al. demonstrated the application of MOF-derived
porous carbon as an adsorbent for antibiotics removal. They prepared porous carbon through a
one-step carbonization of zeolitic imidazolate framework-8 (ZIF-8), which showed a larger specific
surface area due to the vaporization of the center metal (Zn) of ZIF-8 during the pyrolysis process.
They were further used for ciprofloxacin removal from water [20]. Although porous carbon derived
from ZIF-8 has a high specific surface area for antibiotics adsorption, it has limitations in terms of
adsorption capacity and ease of separation.

Recently, the sustainability of the adsorption process has been advocated, such as: green adsorbent
and green separation methods [21–23]. It has been demonstrated that the incorporation of magnetic
nanoparticles on the surface of adsorbents can be engineered to allow the magnetic separation and
recovery of the absorbents [24,25]. Wang et al. synthesized reduced graphene oxide/magnetite
composites through an in situ reaction and utilized it as an adsorbent with a magnetically separable
property for fluoroquinolone antibiotics [26]. Cai et al. encapsulated magnetic nanoparticles into
carbon with a well-constructed core-shell structure, and then used it as an adsorbent for organic
pollutants isolation [27]. However, the preparation of magnetic adsorbents usually needs additional
processes to load the magnetic metal oxide, and it is difficult to control the dispersion of loaded
particles during the synthesis process.

Herein, we report a simple but efficient solution process for the fabrication of a new form of
magnetic nitrogen-doped porous carbon (MNPC) adsorbents for the NOR removal. The MNPC was
directly synthesized by self-catalytic pyrolysis of bimetallic MOFs, which were prepared by using
divalent Zn2+ and Co2+ as center metal ions and 2-methylimidazole as the ligand (Figure 1). In the
carbonization process, the Zn, with a boiling point of around 900 ◦C, was evaporated during the
calcination process, and the porous structure was formed simultaneously. Furthermore, the Co species
were embedded in the porous structure with a high dispersion due to the coordination structure of
the MOF’s precursor, and so the MNPC had magnetic properties. Moreover, the Co species can act
as catalyst to improve the graphitization degree of MNPC, which can enhance the adhesion between
antibiotics and adsorbents through π–π conjugation. More importantly, by the development of such
multiple structures, the adsorption performance was significantly enhanced.
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Figure 1. Schematic illustration of the construction process for the magnetic nitrogen-doped porous
carbon (MNPC).

2. Materials and Methods

2.1. Synthesis of MNPC

Materials: The zinc nitrate hexahydrate (Zn(NO3)2·6H2O), cobaltous nitrate hexahydrate
(Co(NO3)2·6H2O), 2-methylimidazole and norfloxacin were analytic grade provided by Aladdin
Chemical Reagent Co., Ltd., Shanghai, China.

Synthesis of MNPC: Typically, Co(NO3)2·6H2O (0.27 g, 0.9 mmol) and (Zn(NO3)2·6H2O) (1.40 g,
4.7 mmol) were first dissolved in 100 mL of methanol. 2-Methylimidazole (3.70 g, 45.1 mmol) in
100 mL methanol was then added to the above solution. After quickly stirring for 24 h, the products
were separated by centrifugation and washed thoroughly with methanol. The obtained bimetallic
MOFs were dried at 50 ◦C overnight, and further activated at 200 ◦C for 24 h under a vacuum before
use. The as-synthesized bimetallic MOFs nanocrystals were heated to 950 ◦C with the ramp rate
of 3 ◦C/min under a N2 atmosphere and carbonized at 950 ◦C for 2 h, and then cooled to room
temperature naturally. Finally, the MNPC was entirely fabricated. The magnetic carbon (MC) prepared
by MOFs with only Co ions as a central ion was used for comparison. The porous carbon (PC) prepared
by MOFs with only Zn ions as a central ion was also prepared. In fact, the methanol used in this
process could be recycled through membranes to realize sustainable fabrication [28,29].

2.2. Adsorption Performance of MNPC

The adsorption experiments on NOR were conducted in 250 mL stopper conical flasks, and then
placed in a thermostatic shaker with a speed of 200 rpm. In the adsorption experiment, 80 mg
of adsorbent was added to 100 mL of adsorbate solution. The influence of initial concentrations
(5–50 mg L−1), pH (2–10), temperature and ionic strength on the adsorption of NOR were also
investigated. The solution pH was adjusted by dilute HCl or NaOH solution. The concentration
of NOR was measured with a UV–Visible spectrophotometer (TU-1810, Beijing Purkinje General
Instrument Co. Ltd., Beijing, China) at 272 nm. The adsorbed capacity (q) and removal rate (η) were
calculated according to the following equations:

q = (C0 − Ct)V/m (1)

η = (C0 − Ct)/C0 (2)

where C0 and Ct (mg L−1) represent the initial and final concentrations of NOR in the feed solution,
respectively, V is the volume of NOR solution (L), and m is the dry mass of MNPC (g).
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3. Results

3.1. Characterization

The X-ray diffraction (XRD, Rigaku D/Max-RB, Rigaku Corporation, Tokyo, Japan) measurements is
usually conducted to evaluate the structure of materials, and the XRD pattern of the MNPC is presented
in Figure 2a. The MNPC shows an obvious diffraction peak at the 2θ = 26◦, corresponding to the (002)
plane of the graphitic carbon [30]. The diffraction peaks located at around 44◦ and 51◦ are ascribed to fcc
Co, which is embedded in the carbon shell [31,32]. There was no characteristic peak of Zn in the XRD
patterns due to the effective evaporation during the high-temperature calcination. The XRD pattern
of MC was similar to that of MNPC (Figure S1). The graphitization degree of MNPC was further
detected using Raman spectra (JY H800UV, Jobin-Yvon Corporation, Longjumeau, France), and the
result is shown in Figure 2b. Two broad peaks at 1330 and 1583 cm−1 are obvious, and are related to
the D-band and G-band, respectively. The D-band is associated with defects in the carbon structure,
while the G-band is attributed to the vibration of sp2 carbon atoms in both the rings and chain [25].
The graphitization degree of MNPC can be found by calculating the ratios of the integrated intensities
of the graphitic G-band to that of the disorder-induced D-band. As calculated, the value of IG/ID was
1.07, which was close to the MC (1.02, Figure S2a). However, the values of IG/ID were higher than that
of PC (0.94, Figure S2b) due to the catalytic action of Co.

 

Figure 2. (a) X-ray diffraction (XRD) pattern and (b) Raman spectrum of the MNPC.

To further probe for the chemical identification of elements in the MNPC, the X-ray photoelectron
spectroscopy (XPS, PHI-5000C ESCA system, Perkin–Elmer, Hopkinton, MA, USA) measurements
were performed. According to the results, the elemental content of C, N, O, and Co was 80.29, 10.58,
7.19, 1.95 at %, respectively. The C, N, O, and Co contents of MC are 90.67, 3.6, 4.38, and 1.34 at %,
respectively (Figure S3). The high-resolution C1s spectra (Figure 3a) could be fitted with three peaks at
284.6, 286.4, and 287.8 eV, corresponding to the sp2 aromatic rings, C–O, and C=O, respectively [33].
The peak of sp2 carbon showed the strongest intensity, indicating that the MNPC predominantly
consisted of sp2-hybridized carbon due to the effective catalytic graphitization. As seen from the
high-resolution N1s (Figure 3b), three different types of nitrogen species were well deconvoluted.
The N-6 atoms were located at 398.5 eV, and were bonded with two carbon atoms in a C6 ring, so a
pair of lone electrons could be introduced simultaneously. This was beneficial to the formation of a
hydrogen bond with the NOR molecule. The N-5 was centered at 400.4 eV, associated with the adjacent
phenolic or carbonyl group. The N–Q atoms bond with three carbon atoms in the center of graphitic
plane [34,35]. The additional N-doping can increase the adsorption sites for NOR, and further improve
the adsorption performance of MNPC.
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Figure 3. (a) C 1s spectra and (b) N 1s spectra of the MNPC.

The N2 sorption isothermal (ASAP 2020, Micromeritics Inc., Norcross, GA, USA) was further
examined to analyze the pore structure of MNPC. As seen from Figure 4a, the MNPC showed a
typical IV-type isotherm with a hysteresis loop at p/p0 = 0.4–1.0 (inset), indicating the mesoporous
structure of MNPC [36]. Figure 4b shows the Barrett–Joyner–Halenda (BJH) pore size distribution
profile of MNPC derived from desorption branches of isotherms. Clearly, the MNPC pores’ radii was
mainly concentrated at 2.0 nm, further indicating that the mesopores were dominant in the structure
of MNPC. The specific surface area of MNPC was 871 m2 g−1, much larger than that of MC obtained
with the absence of a Zn ion (Figure S4). With Zn coordination, the ZnO would be formed during the
carbonization process, which can act as sacrificial template accelerating the formation of the porous
structure of MNPC [37,38]. Furthermore, the pore volume of MNPC was 0.76 cm3 g−1 (Figure 4b),
which is much larger than that of MC (0.16 cm3 g−1). The increased specific surface area and pore
volume are favorable for increasing the accessible surface area for NOR accumulation during the
adsorption process and then enhance the adsorption capacity.

 

Figure 4. (a) N2 sorption isotherm and (b) pore size distribution of the MNPC.

The surface morphology of MNPC was investigated with scanning electron microscopy (SEM,
JEOL JSM-6700F, Tokyo, Japan) and transmission electron microscopy (TEM, JEOL JEM-200CX, Tokyo,
Japan). As seen from the SEM image in Figure 5a, the bimetallic MOFs precursor shows a cubic-like
structure with an average size of 50 nm. After pyrolysis at 950 ◦C, the Zn species were volatilized,
and the pores left simultaneously [38]. Moreover, the MNPC retained the morphology of the MOF’s
precursor with a good dispersion (Figure 5b). This indicates that the structure kept well, even after
the high-temperature calcination. The TEM image in Figure 5c reveals that the MNPC had a uniform
morphology with an interconnected porous structure, and the Co nanopaticals (NPs) were embedded in
the porous carbon. The high-resolution transmission electron microscopy (HRTEM) image (Figure 5d)
shows further that MNPC exhibits an obvious core-shell structure. The graphitic carbon structures
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were the shells with an interplane spacing of (002) crystal lattice (3.4 Å), which resulted from the
catalytic graphitization behavior of Co NPs [31]. Moreover, the Co NPs were tightly wrapped by
graphitic carbon shells due to the coordinating structures of bimetallic MOFs as a precursor. In addition,
the HRTEM image shows a distinct lattice fringe with an interplanar spacing of 0.2 nm, which matched
well with the spacing of (111) planes of the Co phase. Besides, the MC showed a dodecahedron-like
structure with a particle size around 250 nm, and the Co also embedded in the carbon structure
(Figure S5).

 

Figure 5. SEM images of (a) Bimetallic metal-organic frameworks (MOFs) precursor; and (b) the
MNPC; (c) TEM and (d) HRTEM images of the MNPC.

As seen from the high-angle annular dark field-scanning electron microscopy (HAADF-STEM)
(Figure 6a), The Co NPs were embedded into graphitic carbon structure. The elemental mapping was
performed to illustrate the spatial distribution of C, N, O, and Co in the structure of MNPC in Figure 6b.
As revealed in Figure 6c–f, the elemental mapping results further confirmed the uniform distribution
of Co and N species within the MNPC structure. Besides, the MC also showed a homogeneous
distribution (Figure S5). It is generally accepted that the N species can promote the formation of
hydrogen bonds and accelerate the adsorption performance. Moreover, the Co species with a good
dispersion within the carbon structure is beneficial to the further separation of adsorbents.
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Figure 6. The high-angle annular dark field-scanning electron microscopy (HAADF-STEM): (a) image,
and (b–f) mapping images of MNPC.

3.2. Adsorption Performance

The adsorption behavior of the MNPC on the NOR was investigated by batch mode experiments
in 10 mg L−1 aqueous solution. As seen from the adsorption curves in Figure 7, the adsorption capacity
sharply increased with the adsorption time, suggesting that the NOR in the aqueous solution could
be quickly and easily removed by the adsorbents [39]. As time goes on, the change of adsorption
capacity became slower until reaching an adsorption equilibrium owing to the fact that the number of
adsorption sites decreased as the adsorption time increased. Obviously, the adsorption capacity of
the MNPC adsorbents was much larger than that of MC, indicating that the MNPC exhibited much
better adsorption performance. After 150 min, the final adsorption capacity of MNPC adsorbents
was 8.84 mg g−1, larger than that of MC (7.98 mg g−1). As seen from the Figure 7b, the MNPC in the
aqueous solution could be easily separated under an external magnetic field.

The better adsorption performance of MNPC adsorbents can be ascribed to the following aspects:
First, the larger specific surface area of MNPC can provide more adsorption sites for the NOR
adsorption. Second, the NOR molecules can be easily transported between the smooth channels in the
MNPC due to the interconnected porous structure. Moreover, the MNPC has a good graphitization
degree, which is beneficial to the formation of π–π interactions between NOR and absorbents, which
then further improves the adsorption capacity [8,40]. Furthermore, hydrogen bonding is easy to form
between MNPC adsorbents and NOR due to the effect of nitrogen doping, which further promotes
adsorption performance [38]. In conclusion, combining the pore structure, large specific surface area,
good graphitization degree, and the effective nitrogen doping, MNPC can be considered as an excellent
candidate material for NOR adsorption application.

As is well known, the structure and surface properties of adsorbents have important influence
on the adsorption performance. Generally, the adsorbent’s structure has a great effect on the physical
adsorption, and the chemical adsorption is usually related to the functional groups on the surface of
adsorbents [41]. The MNPC has large specific surface area, which can provide abundant adsorption
sites for NOR adsorption. The porous structure is beneficial to the NOR molecules’ penetration.
In addition, such oxygen-containing functional groups as –COOH and –OH and N-doping are on
the surface of MNPC, so the hydrogen bonding can be easily formed between the NOR molecules
the MNPC, which then promotes the adsorption capacity [8]. Moreover, the aromatic structures and
C=C double bonds in NOR can contribute to the affinity between MNPC and NOR through the π–π
interactions and then increase the adsorption capacity [42].
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Figure 7. (a) Plots of adsorption capacity vs adsorption time of MNPC and MC in the NOR aqueous
solutions at concentrations of 10 mg L−1; and (b) the photo of MNPC separated under an external
magnetic field.

As is well known, the amount of adsorbents has a critical effect on the adsorption performance.
The influence of the adsorbent’s dosage was explored by adding various amounts of MNPC to 100 mL
of a 10 mg L−1 NOR solution. As seen from Figure 8a, the adsorption capacity decreased with the
increase of the absorbent’s dosage due to the completely exposed adsorption sites at the low dosage.
While at higher dosage, the unoccupied adsorption sites were excess and resulted in a lower adsorption
capacity [43]. Considering the adsorbent amounts and adsorption capacity, an 0.8 g/L dosage of MNPC
was selected for further studies.

Figure 8. (a) Plots of adsorption capacity vs dosage; and (b) plots of removal rates vs. pH value with a
dosage of 0.8 g L−1. All the curves were obtained in a 10 mg L−1 NOR aqueous solution at 30 ◦C.

pH is another important factor affecting adsorption performance. As seen in Figure 8b, the NOR
adsorption on MNPC initially increased with the pH value ranging from 2.0 to 6.0, and then decreased
when the solution pH value was higher than 6.0. The NOR contained a carboxyl and piperazinyl
group, which shows two proton-binding sites. Its two acid dissociation constant pKa values were
6.22 and 8.51, respectively. In the solution, the protonation–deprotonation reaction of NOR would
occur. The NOR can exist in cationic form (pH < 6.2), zwitterionic/neutral form (6.2 < pH < 8.5),
or anionic form (pH > 8.5) [8,12]. In acidic conditions, a large amount of H+ ions surrounds the surface
of MNPC, which could compete with the NOR molecule existing in the cationic form, and so the
binding of NOR to adsorbent is restricted. When the pH value ranges from 6.0 to 8.7, the ratio of the
zwitterion form is increased, so the competition between H+ and NOR ions for surface adsorption
sites is decreased correspondingly, resulting in an improved adsorption capacity. However, when
the pH is higher than the pKa2 of NOR, the anionic form dominates and the repulsion between the
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NOR molecule and the negatively charged MNPC is increased, and so the adsorption capacity is
significantly decreased. The further studies were conducted at the optimum pH value of 6.0.

The initial NOR concentration is another key factor controlling the adsorption performance of
MNPC, as shown in Figure 9a. The initial NOR concentration ranged from 1.0 to 100 mg L−1 at a pH
of 6.0. Obviously, the adsorption capacity is increased with the solution concentration, which was
increased from 3.04 to 55.12 mg g−1. A higher initial NOR concentration meant a higher concentration
gradient, which led to a high driving force, and so the NOR molecules could quickly transfer to the
pores of the MNPC. As shown in Figure 9b, the adsorption capacity of MNPC for NOR increased
with increased temperature (20–40 ◦C), suggesting that the higher temperature was beneficial to the
adsorption process.

Figure 9. (a) The change of adsorption capacity vs initial concentration; and (b) the change of adsorption
rates vs. temperature. All the curves were obtained in NOR solution with a dosage of 0.8 g L−1 at a pH
of 7.0.

The influence of ionic strength on the adsorption performance was also investigated and the
results are shown in Figure 10. When the salt concentration increased from 0.0 to 0.1 M, the adsorption
capacity decreased slightly. Generally, the salt concentration had no significant effect on the adsorption
capacity of NOR on the MNPC, which indicates that the interaction between NOR and MNPC was
quite stable in a certain range of salt concentration.

Figure 10. Plots of adsorption capacity vs ionic strength. All the curves were obtained in 10 mg L−1

NOR aqueous solution with a dosage of 0.8 g L−1 at a pH of 7.0.
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3.3. Recyclability

In practical application, the recyclability is another critical factor for the adsorbents.
The recyclability of the MNPC was investigated using a methanol solution (containing 10% ammonia)
as the effluents and the results are shown in Figure 11. The adsorption capacity of the MNPC
remained at 12.0 mg g−1 after five cycles, and was slightly decreased, indicating the good regeneration
performance of the absorbents in the NOR solution. Hence, the MNPC adsorbent could be reused
effectively, which is helpful for reducing the cost of adsorption.

Figure 11. Regeneration property of the MNPC adsorbents in the 10 mg L−1 norfloxacin (NOR)
aqueous solution with a dosage of 0.8 g L−1 at a pH of 7.

3.4. Adsorption Kinetics

Adsorption kinetic models are usually used to evaluate the variation of adsorption capacity with
adsorption time, which can further reflect the relationship between adsorption performance and the
structure of adsorbent. In this work, the pseudo-first-order and pseudo-second-order models were
employed to analyze the experimental data. These two models are shown as follows:

ln(q e−qt) = ln qe − k1t (3)

t
qt

=
1

k2q2
e
+

t
qe

(4)

where qe and qt (mg g−1) are NOR uptakes at equilibrium, t is the adsorption time, and k1 (min−1) and
k2 (g mg−1min−1) are the rate constants of two modes [44,45].

Figure 12 shows the results of fitting the two kinetic models. As seen from the Figure 11a,
the experimental data severely deviates from the fitted data, and the R2 value of the pseudo-first order
model was relatively low, indicating a low correlation of NOR adsorption kinetics data, and so the
pseudo-first-order model was inconsistent with the experimental data. However, the experimental
adsorption capacity values were in agreement with the theoretical adsorption capacity values according
to the pseudo-second-order model (Figure 11b) with a corresponding R2 of 0.9996, illustrating that the
adsorption data fit well to the pseudo-second-order kinetic model.
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Figure 12. Adsorption kinetics of NOR on MNPC (a) pseudo-first-order and (b) pseudo-second-order models.

3.5. Adsorption Isotherm

To further study how the adsorbate interacts with the adsorbent, the adsorption models have
been applied to understand the adsorption mechanism. Thus the Freundlich and Langmuir adsorption
isotherm models were used according to:

q e =
qmKLCe

1 + KLCe
(5)

qe = K FC1/n
e (6)

where qe, qm, and Ce (mg g−1) are the adsorption capacity, equilibrium concentration, and the
maximum adsorption capacity, respectively, and KL, KF, and n are the Langmuir and Freundlich
parameters [13]. Figure 13 displays both the experimental data and the fitting isotherms of the above
two isotherm models. According to the results, the adsorption isotherm of NOR onto the MNPC fits
Freundlich isotherm model with higher correlation coefficients R2 values (0.9988) compared with the
Langmuir isotherm model (0.9841, Figure S6), indicating that the adsorption process predominantly
features multilayer adsorption.

Figure 13. Freundlich isotherms for the adsorption of NOR by MNPC at 30 ◦C.

3.6. Adsorption Thermodynamics

The adsorption of NOR on the MNPC was further demonstrated by evaluation of changes in the
Gibbs free energy (	Gθ), enthalpy (	Hθ), and entropy (	Sθ) as follows:

ΔGθ = −RTlnK c (7)

Kc =
CA

CS
(8)
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where R is the ideal gas constant, T represents absolute temperature (K), CA and CS (mg L−1) are the
amount of NOR adsorbed and remained in the solution at equilibrium, respectively. After making the
substituting of 	Gθ = 	Hθ–T	Sθ into Equation (9):

ln(Kc ) = −ΔGθ

RT
= −ΔHθ

RT
+

ΔSθ

R
(9)

The values of 	Hθ and 	Sθ were then calculated from the slope and intercept of the linear
regression of ln(Kc) versus 1/T [41]. As calculated, the value of 	Hθ was 70.08 kJ·mol−1, indicating
that sorption of NOR on the MNPC was an exothermic process. Moreover, the value of 	Hθ was
higher than 20 kJ·mol−1, indicating the NOR sorption onto MNPC could be mainly attributed to
chemisorption. Another important thermodynamic parameter is entropy 	Gθ. As calculated, the 	Gθ

value was negative, indicating that the adsorption could occur spontaneously.

4. Conclusions

The MNPC was successfully prepared by self-catalytic pyrolysis of bimetallic MOF with Zn
and Co as metal ions and 2-methylimidazole as a ligand. The resultant MNPC possessed a large
surface area, porous structure, good graphitization, and highly dispersed N species, simultaneously.
The synergistic effect of the above characteristics offered MNPC excellent adsorption performances.
The MNPC exhibited a dramatic enhancement in the adsorption to NOR compared with the MC
derived from the MOF with only Co as the metal ion. The adsorption capacity was 55.12 mg g−1 with
an initial concentration of 50 mg L−1 at 30 ◦C. The pseudo-second-order and Freundlich models were
a good fit for adsorption kinetics and isotherm for NOR adsorption. In the process of NOR adsorption
onto the MNPC, the π–π interaction, hydrogen bonding, and pore-filling significantly improved the
adsorption capability. Overall, this material is a potential adsorbent for the NOR and is expected to be
used for removal of other pollutants in waste water.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/9/664/s1,
Figure S1: XRD pattern of MC, Figure S2: Raman spectra of (a) MC and (b) PC, Figure S3: The XPS spectra of MC
and MNPC, C1s and N1s of MC, Figure S4: N2 sorption isotherm of MC, Figure S5: (a) SEM, (b) TEM, (c) HRTEM
and mapping images of MC, Figure S6: Langmuir isotherm of NOR adsorption on the MNPC at 30 ◦C.
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