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Hydrogenation/oxidation induced efficient
reversible color switching between methylene blue

and leuco-methylene bluef
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In this paper, we present the use of graphitic carbon nitride (g-C3N4) supported palladium nanoparticles
(Pd/g-C3sNy4) for reversible color switching of methylene blue (MB). g-C3N4 with a high polymeric degree
could improve the dispersity of Pd nanoparticles, contributing to fast color switching of MB as the
agglomeration of metal nanoparticles is significantly prevented. Moreover, strong metal-support

interaction (SMSI) between Pd nanoparticles and g-CsN4 support promotes the adsorption and

subsequent dissociation of molecular hydrogen and oxygen, thus leading to efficient reversible
conversion between MB and leuco-methylene blue (LMB). Our obtained Pd/g-C3sN,4 nanocatalyst exhibits
outstanding hydrogenation activity of blue MB to colorless LMB with a turnover frequency as high as 165
h™ at room temperature, moreover, colorless LMB can quickly switch back to MB upon exposing the
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same reaction system to oxygen for oxidation. It is noted that our color switching system exhibits

remarkable reversibility and stability without obvious fatigue even after 10 consecutive cycles. This novel

DOI: 10.1039/c7ra04498d

rsc.li/rsc-advances organic transformations.

1. Introduction

Over the last few decades, materials have become increasingly
important in the development of human society. One of the key
innovations in this field is the emergence of color switching
materials that react upon exposure to certain stimuli. Color-
switching materials have attracted a great deal of attention
due to their application prospects in rewritable paper, sensors,
optical data storage and security feature technologies.'™*
Significant efforts were previously devoted to develop various
systems with improved stability to enhance switching rates. Pal
et al. have reported reversible color switching of organic redox
dyes over various catalysts. In these cases, the color changes are
strongly influenced by the pH of the solution or the type of
reducing agent contained in the system.>° With the continuing
search for color switching system, the self-assembled mono-
layer of azobenzene on Au (111) shows good reversibility for
photoinduced cis-trans photoisomerization; polymer coated
TiO, nanocrystals also prove to be an efficient color switching
system without relying on external sacrificial electron
donors."*> However, the chromophores experience competing
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redox-driven reversible color switching system could find potential in food packaging, sensing and

thermal back relaxation and sometimes other side reactions for
reversible color switching, and then hinder the further appli-
cation of color switching system. Therefore, for a clean and
reversible color switching system, molecular hydrogen, oxygen,
suitable dyes and efficient catalysts are required.

Methylene blue (MB), a positively charged heterocyclic
aromatic thiazine dye, has long been used as staining agent in
industry.” In reducing environment, methylene blue can be
reduced to colorless leuco-methylene blue (LMB) through
hydrogenation reaction, which can switch back to initial blue
color by oxidative dehydrogenation upon exposure to oxidizing
environment.

Recent years have witnessed a growing interest in palladium
based nanomaterials due to their exceptional properties and
potential applications in hydrogenation and oxidation reac-
tions.'*'* Meanwhile, it is well established in the literature that
the nature of support plays a key role in the catalytic perfor-
mance of Pd-containing catalyst.'® For a given reaction, the
activity, selectivity and stability of the catalyst could be
improved by use of an appropriate support. Recently, graphitic
carbon nitride (g-C;N,), a metal-free conjugated polymer, has
attracted ever-growing attention in recent years.'”*® g-C;N, may
find a much wider range of applications as compared to carbon
materials due to the incorporation of nitrogen atoms in the
carbon, which can improve its chemical, electrical and func-
tional properties.” The structure of g-C;N, is a two-dimensional
(2D) framework of tri-s-triazine connected via tertiary amines,

This journal is © The Royal Society of Chemistry 2017
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which endows its high thermal and chemical stability.*® Based
on the specific properties of g-C;N,, our aim is to use g-C3;N, as
a support to load noble metal nanoparticles, which not only
stabilizes noble metal nanoparticles against aggregation, but
also induces new physicochemical properties due to the syner-
gistic effect and strong metal-support interaction (SMSI)
between noble metal nanoparticles and g-C;N,, resulting in the
enhancement of the performance of nanocomposites.'>*'
Therefore, Pd supported on g-C;N, material could be a nice
candidate and hold great potential in catalytic applications for
hydrogenation and oxidative dehydrogenation reactions in
redox dye based color switching system.

In this study, we report the use of highly dispersed palladium
nanoparticles supported onto g-C;N, nanosheets for efficient
reversible color switching of methylene blue (MB). The obtained
Pd/g-C3N, catalyst can rapidly bleach the blue color of MB by
hydrogenation process with 1 bar hydrogen, while the colorless
leuco-methylene blue (LMB) can quickly switch back to original
blue color (MB) through oxidative dehydrogenation by 1 bar
oxygen. This one-pot hydrogenation/oxidation color switching
system can now be enabled efficiently without relying on other
complicated stimuli. Finally, based on experimental results,
a possible hydrogenation/oxidation reaction mechanism is
proposed.

2. Results and discussion

2-C3;N, was synthesized from dicyandiamide by heat treatment,
and Pd/g-C;N, nanocatalyst was prepared by impregnation and
H, reduction (see Experimental). The X-ray diffraction (XRD)
patterns of g-C;N, and Pd/g-C3N, samples are shown in Fig. 1.
For bare g-C;N,, the XRD pattern displays two pronounced
diffraction peaks; one peak at 13.10° is associated with the
characteristic inter-layer structural packing motif of tri-s-
triazine units, and the other peak at 27.39° is ascribed to the
interlayer stacking of conjugated aromatic system.** After Pd
nanoparticles (NPs) loading on g-C;N, nanosheets, a weak peak
at 40.16° is observed from XRD pattern, which is readily
assigned to the (111) plane of Pd. The morphology and structure

of obtained Pd/g-C;N, were further investigated by
(002) ——Pdig-CN,
—9gCN,
Pd (111)
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Fig. 1 XRD patterns of as-synthesized g-C3zN, and Pd/g-CsNg4
samples.
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transmission electron microscopy (TEM) and high resolution
TEM (HRTEM). As shown in Fig. S1,T The as-synthesized g-C;N,
displays free-standing 2D lamellar structure. The HRTEM image
furtherreveals the formation of Pd/g-C;N, nanocatalyst, the
ultra small Pd NPs with an average size of ca. 5.07 nm are
uniform dispersed on the surface of g-C;N, nanosheets (Fig. 2a
and b). Fig. 2¢ presents the HRTEM image of a single particle Pd
NP. The contrast line profile is plotted under the corresponding
image (see Fig. 2d). The average d-spacing distance is measured
to be ~0.23 nm, assigned to the (111) planes of Pd. All these
observations demonstrate the formation of Pd NPs on g-C3N,
nanosheets. In addition, the actual Pd weight content of Pd/g-
C;3N, sample was determined to be 1.78 wt% by inductively-
coupled plasma mass spectrometry (ICP-MS) and is close to
the nominal content in the experiment.

To further reveal information about the oxidization states
and the compositions of obtained Pd/g-C3;N, sample, X-ray
photoelectron spectroscopy (XPS) measurements were per-
formed. The representative XPS survey scan (Fig. 3a) exhibits
the existence of C, N and Pd elements. The high resolution C 1s
spectrum shows two peaks at binding energy of 284.95 eV and
288.30 eV (Fig. 3b). The weaker one centered at 284.95 eV can be
attributed to C-C coordination, while the other peak located at
288.30 eV is assigned to the carbon atom bonded to three
nitrogen atoms (C-N-C) in g-C3;N, lattice.”® From N 1s spectrum
(Fig. 3c), it can be seen that the broad peak of N 1s is decon-
voluted into three Gaussian components having centres at
398.75 eV, 399.40 eV and 401.15 eV. The component at 398.75 eV
is due to the C-N-C bonding, while the components at
399.40 eV and 401.15 eV are ascribed to the tertiary nitrogen N-
(C); and N-H respectively.>** These m-bonded planar C-N-C-
layers as well as their incompletely condensed amino groups
in g-C3N, are conducive to stabilize highly dispersed Pd NPs and
prevent their aggregation and oxidation." The 3d XPS spectrum
of Pd NPs supported on carbon nitride presents a doublet cor-
responding to Pd 3ds/, and Pd 3d;, (Fig. 3d). The deconvoluted
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Fig.2 TEMimage of Pd/g-C3N,4 (a), and the size distribution of Pd NPs
(b), HRTEM image (c) and contrast intensity profile indicates the lattice
parameter of Pd (d).
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Fig. 3 XPS survey spectrum of as-prepared Pd/g-CsN4 (a), and high-
resolution XPS spectra of C 1s (b), N 1s (c) and Pd 3d (d).

Gaussian components at 335.75 €V and 341.05 eV are assigned
to metallic Pd°, in agreement with XRD result. While the
components at binding energy of 337.85 eV and 343.15 eV are
attributed to Pd>*.2®?° XPS data reveals that Pd° (56.67%) is the
main species of Pd on the surface of g-C5N,, as clearly observed
from TEM images. Notably, the corresponding peaks of Pd® in
Pd/g-C;N, sample shift to higher-energy side to a certain extent
(about 0.9 eV) as compared to bare Pd°.* This binding energy
shift is due to a fact that strong metal support interaction
(SMSI) occurs between Pd NPs and g-C3N, support,® which is
beneficial to the activation of H, and O,, thus boosts the cata-
Iytic performance. The existence of Pd*" may be attributed to the
following reasons: (a) the Pd-N bond formed at the interface of
Pd/g-C;N,; (b) the reduction of Pd** was not entirely completed;
(c) the external metal Pd° is likely oxidized to Pd*>" at ambient
conditions.?***3

The reversible color switching was conducted in one-pot
reaction system, MB was used as a model redox dye to eval-
uate the catalytic activities of Pd/g-C3N, catalyst. The hydroge-
nation of MB was performed over Pd/g-C;N, catalysts under
a hydrogen pressure of 1 bar at room temperature. In the
process of hydrogenation, the color of the aqueous MB solution
rapidly changed from blue to colorless with increasing the

500 550 600 650 700 750 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

Fig. 4 The color switching of the Pd/g-CzN4/MB/HEC system: UV/vis
spectra showing the decoloration process under 1 bar H, (a) and UV/
vis spectra showing the recoloration process under 1 bar O, (b) at
room temperature.
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reaction time and completely disappeared after 3 min, corre-
sponding to the reduction of MB to LMB. Fig. 4a shows the time
dependent UV/vis spectra of the reaction solution, the absorp-
tion peak of MB at 664 nm decreases in intensity within a short
period of time in the presence of hydrogen (H,). The
outstanding hydrogenation activity of Pd/g-C;N, is attributed to
the synergistic effect of active Pd species and g-C;N, support. g-
C;3N, nanosheets not only stabilize Pd NPs against aggregation,
but also enhance the adsorption of w-conjugated MB substrate
via the -7 interaction. The hydrogenation of MB over Pd/g-
C;3;N, hybrid catalyst was assessed by the turnover frequency
(TOF, defined as the moles of MB molecules per mole of Pd
catalyst per hour), which was calculated to be as high as 165
h™"

After the completion of hydrogenation reaction, H, atmo-
sphere was replaced by O, to evaluate the oxidative dehydro-
genation performance of Pd/g-C3;N,. It is noted that the LMB is
spontaneously and quickly oxidized back to MB in the presence
of Pd/g-C;N, when the system is exposed to oxygen or air. To
make the system compatible with the needs in practical appli-
cations, hydroxyethyl cellulose (HEC) was added in the reaction
system. The HEC can stabilize LMB through hydrogen bonding
between the abundant -OH groups on HEC molecules and the
-N(CHj;), groups on LMB (Fig. S21), and then efficiently slow
down the fast recoloration process (oxidative dehydrogenation
process) at ambient conditions.® When the system was exposed
to oxygen atmosphere of 1 bar pressure at room temperature,
the absorption peak intensity of MB gradually increased and
recovered to the original intensity within 6 min (Fig. 4b). The
colorless solution (LMB) quickly switched back to original blue
color (MB) by activated O, over Pd/g-C3N,. In the process of
oxidative dehydrogenation, highly dispersed Pd NPs on g-C3N,
nanosheets play a crucial role in effectively oxidizing LMB to
MB, because the adsorption and dissociation of O, on the
surface of Pd NPs is highly favorable.**

To evaluate the stability of our color switching system for
potential application, the hydrogenation and oxidation
processes were repeated for 10 consecutive cycles by sequen-
tially exposing the system to hydrogen and oxygen atmosphere.
The absorbance of methylene blue (~664 nm) for 10 repeated
hydrogenation/oxidative dehydrogenation cycles was plotted
and shown in Fig. 5. The result demonstrates complete revers-
ibility with only a slight decrease in absorption intensity after
repeated cycles. Overall, the outstanding hydrogenation/
dehydrogenation performance makes the system suitable for
potential applications due to its excellent reversibility and low
environmental toxicity.

To ensure the possible use of our color switching system in
practical applications, a simple lab demonstration was per-
formed (Fig. 6). As the color switching system was exposed to
hydrogen atmosphere (1 bar H,), the color of the system
changed from blue to colorless corresponding to the hydroge-
nation of MB to LMB. While the colorless solution was exposed
to an oxidative environment (1 bar O,) in the presence of Pd/g-
C3N, catalyst, the blue color gradually appeared and the system
completely recovers to its pristine blue color in 6 min, which is
much faster than that without Pd/g-C;N, catalyst (Fig. S31). The

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 The absorption intensity at about 664 nm of the mixture
recorded continuously in the switching cycles between blue color and
colorless states.

principle behind the application is that the oxidation of LMB is
stopped in the absence of oxygen, but it can be rapidly re-
oxidized back to its original blue color (MB) in the existence
of oxygen and Pd/g-C;N, catalyst. The inclusion of this color
switching system in food packaging could serve as oxygen
indicator to ensure the packaging is properly sealed and the
quality of food can be guaranteed.*® This color switching system
can also be used as security ink for anti-counterfeiting, infor-
mation coding applications. The information can be written by
using aqueous dispersion of Pd/g-C;N,/MB/HEC which will
become colorless after hydrogenation process, while the visible
images or words can be regenerated from the printed ink upon
exposure to oxidative environment for a period of time.

Based on the above results, a possible mechanism of one-pot
reversible color switching over Pd/g-C3;N, is proposed (Scheme
1).14153638 Depending on the nature of the catalyst's active sites,
MB molecules can interact with -NH and -NH, groups on the
surface of g-C3N, through strong S---H-N or m---7v interac-
tions.*** The m---1v interaction between the 7 electron of
graphitic carbon nitride and the aromatic ring of MB, is bene-
ficial for adsorption of MB molecules on the surface of g-C;N,. It
is well documented that altering the electronic structure of
metal nanocatalyst is an effective strategy to optimize the
catalytic performance.” For Pd/g-C;N, catalyst, the nitrogen

1 bar H,

— Lk

Pd/g-C3N,

N
<N
o

(H3C),N S N(CH3),

&

1bar O,

H
JSS SN
(H3C)N S N(CH3),

(MB, blue) (LMB, colourless)

Fig. 6 Reversible color switching of MB/LMB with Pd/g-CsN4 as
catalyst at room temperature.
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Scheme 1 Proposed reaction processes of color switching of meth-
ylene blue over Pd/g-C3N,4 nanocatalyst.

atoms in g-C3N, could enrich the electron density of the
metallic Pd due to the interfacial polarization between Pd and g-
C;3N,4,* consequently accelerating the reactions of color
switching. As shown in Scheme 1, MB can easily adsorbed on
the surface of the catalyst via the -7 interaction, molecular
hydrogen would initially bind to the atoms of Pd nanoparticles
through its H-H o-bond and then undergo homolytic dissoci-
ation into H atoms with partially negative charge (H°").*>* The
electron-electron repulsion effect in H°~ and electron-rich Pd
NPs is beneficial for the rapid desorption of H’ . Subsequently,
MB molecules can efficiently react with the active H and LMB
formed via the synergistic interactions between Pd NPs and g-
C;3N, support. Meanwhile, Pd is also an efficient catalyst for
oxidative reactions in the presence of molecular O,. This reac-
tion proceeds through the following way: O, is first adsorbed on
the surface of Pd NPs, and electron transfer from Pd surface to
the ground state of O, occurs, the change of the charge density
on Pd surface is expected to form the Pd-O bond.** Then, the
hydrogen atom of N-H bond in LMB interacts with the nega-
tively charged oxygen atoms, leading to fast oxidation of LMB to
MB. The reaction of hydride species with the activated oxygen
regenerates Pd° species along with the formation of H,0,; and
H,0, eventually decomposes to O, and H,O. In Pd/g-C3N,
hybrid structure, the loaded Pd atoms are preferentially
deposited on nitrogen sites, which can increase the electron
density on Pd surface and promotes the oxidation reaction,
resulting in an increased recoloration reaction rates.*' In this
work, taken together, strong metal support interaction between
metallic Pd and g-C3N, support plays an important role in
highly efficient reversible color switching of methylene blue/
leuco-methylene blue.

3. Conclusions

In this study, Pd/g-C;N, nanocatalyst has been successfully
synthesized, and used for one-pot reversible hydrogenation and
oxidation reactions. g-C3N, nanosheets with a higher polymeric

RSC Adv., 2017, 7, 30080-30085 | 30083
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degree could improve the dispersity and stability of Pd nano-
particles. Methylene blue is used as model redox dye to inves-
tigate the hydrogenation and oxidative dehydrogenation
reactions. The obtained Pd/g-C;N, shows superior hydrogena-
tion of MB to colorless LMB which can rapidly switch back to
MB by re-oxidation process in the presence of oxygen or air
under ambient conditions. The strong metal support interac-
tion between Pd NPs and graphitic carbon nitride boosts the
adsorption and subsequent dissociation of hydrogen and
oxygen molecules, resulting in highly efficient reversible color
switching between MB and LMB. More importantly, the Pd/g-
C;N,/MB/HEC switching system exhibit remarkable reversibility
and durability as the absorption intensity of MB at 664 nm
shows only a slight decrease even after 10 consecutive switching
cycles. Compared to the previous color switching systems, the
current system has same advantages in terms of high efficiency,
recyclability and easy preparation, and could provide opportu-
nities in food packaging, printing inks for writing and erasing
paper, and so on.
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