Public Access

Author Manuscript

Published in final edited form as:
Kumru, B., Cruz, D., Heil, T., & Antonietti, M. (2020). In situ formation of arrays of tungsten single
atoms within carbon nitride frameworks fabricated by one-step synthesis through monomer
complexation. Chemistry of Materials, 32(21), 9435-9443. doi:10.1021/acs.chemmater.0c03616.

In situ formation of arrays of tungsten single atoms
within carbon nitride frameworks fabricated by onestep synthesis through monomer complexation
B. Kumru, D. Cruz, T. Heil, M. Antonietti

Max Planck Institute of Colloids and Interfaces · Author Manuscript

Article

In Situ Formation of Arrays of Tungsten Single Atoms within Carbon
Nitride Frameworks Fabricated by One-Step Synthesis through
Monomer Complexation
Baris Kumru,* Daniel Cruz, Tobias Heil, and Markus Antonietti*

ABSTRACT: Deposition of stable single atoms on supports is a
hot topic, especially for catalysis, and single atom deposition in
nitrogen-framed pores of carbon and carbon nitrides is indeed the
most successful. The polymeric semiconductor graphitic carbon
nitride (g-CN) is an exciting scaﬀold due to its nitrogen-rich
structure (C3N4 ideally) and the inherent nitrogen-lined pores,
which made the whole, structurally diverse g-CN family an
attractive choice for heterogeneous catalysis and photocatalysis. Herein, we present the simple thermal treatment of a monomer
complex between melamine and silicotungstic acid to yield massive amounts of tungsten single atoms within the carbon nitride
framework. The morphology and photophysical properties of the novel semiconductor with a band gap around 2 eV are investigated
in dependence of the tungsten content, and the onset of W−W exchange interactions will be described. Due to the ease of W to
change the oxidation state and to bind to oxygen atoms, the material turns out to be an eﬀective catalyst for oxidation reactions,
which was exempliﬁed with new oxidative photopolymerization of guaiacol to form artiﬁcial lignin-like polyphenols.

S

emiconductors promise a bright future to transform
chemical reactions into light-driven analogues, yet most
metal-based semiconductors fail from a sustainability perspective despite eﬃciencies.1 Polymeric graphitic carbon nitride (gCN) has been a rising star in recent years due to its metal-free
nature and ease of tunability, in addition to its low-cost and
nontoxicity.2 Nitrogen-rich and abundant precursors, that is,
melamine, urea, and thiourea, can be condensed at temperatures above 500 °C to yield polymerized and conjugated
structures that are photoactive, which have been employed as
heterogeneous photocatalysts for water splitting,3−5 CO2
reduction,6−8 organic synthesis,9−11 pollutant degradation,12,13
and polymer initiation.14−17 Nevertheless, there is a big room
for improvement of these materials; therefore, modiﬁcations
are generally applied.18 In order to tailor the band gap and
morphology of g-CN to enhance photocatalytic eﬃciency,
many methods are suggested, which can be subdivided into
pre- or postmodiﬁcation.19 For instance, the supramolecular
assembly method aims to pretreat the precursors in a suitable
solvent to form ordered aggregates, which subsequently induce
morphology alteration and enhanced photoeﬃciencies in the
resulting g-CN materials.20−22 The salt-melt method was
introduced to yield ordered g-CN materials by providing
solvent (salt melt) conditions at synthesis temperatures.23,24
Acid treatment of basic monomers has been used as a modular
tool to tailor the morphology and activity of g-CN.25,26 Hence,
a great potential to integrate novel structures into twodimensional sheets by premodiﬁcation lies within this still
rather undeveloped strategies.27

Inherent photocatalytic activity of g-CN suﬀers from
recombination losses, which can be partially improved via
metal deposition on the g-CN surface.28 As a postmodiﬁcation
method, atom deposition generally encompasses metal
precursors (H2PtCl6 and29,30 HAuCl431,32) being treated in
g-CN dispersion to form metal clusters or single atoms on the
g-CN surface.33 Alternatively, a very recent article demonstrated a single-step cobalt single atom incorporation into a
carbon nitride framework by in situ formation of cobalt
chelating active sites on carbon nitride pores, which results in
improved photocatalytic eﬃciencies.34 A similar complex
condensation was reported to attain iron single atoms
dispersed in carbon nitride pores, which relies on in situ
chelation at condensation temperatures.35 Silver single atoms
can be introduced to a carbon nitride framework in a similar
manner as well.36 Electronic interactions between nitrogen and
metal atoms hold the system together, as illustratively depicted
for a nitrogen-doped carbon skeleton.37 Signiﬁcantly improved
photoactivities can be observed as excited electrons migrate to
the metal surface which lowers the recombination rate.38
Tungsten has been reported to have a profound eﬀect when
combined with g-CN, and usually, more eﬃcient photo-
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catalysis is obtained. Typically, WO3 can be physically mixed
with g-CN to form composite photocatalysts;39−41 alternatively, thermal treatment of a tungsten precursor with asprepared g-CN can yield WO3−g-CN photoactive composites
that are dominated by physical interactions.42,43 Small atoms
such as boron,44 phosphorus,45 and sulfur46 could be
covalently introduced into a g-CN network, yet stable
introduction of relatively large transition metals into the gCN repeating motif is unknown.
Herein, an innovative, well-deﬁned complex precursor based
on the acid−base assembly of melamine and silicotungstic acid
(SiWA, H4SiW12O40) is utilized to synthesize the composite gCN material in a single thermal condensation step, and the
resulting catalysts will be investigated for morphological and
photophysical properties.

■

RESULTS AND DISCUSSION
SiWA is a member of the polyoxometalate (POM, heteropolyacid) family, which shows Keggin-type coordination in
aqueous conditions.47 SiWA is known as a solid-state catalyst
(then supported on inert surfaces) for transformation of
molecules,48−51 and it was chosen in the present context as a
precursor due to its tungsten-rich structure (12 W-atoms per
cluster). Melamine−SiWA (10:4 g, 0.08:0.001 mol) was mixed
in water overnight and dried afterward. Acid−base interactions
allow small melamine molecules to surround large acidic
Keggin ions, therefore providing a joint contact between both
components. The thermal condensation of the homogeneous,
crystalline complex at 550 °C yielded tungsten containing CN
materials (denoted as CN−WA, details in the Methods
section, Scheme S1). A reference sample was synthesized
utilizing melamine as the sole precursor with the same
treatment (denoted as ref-CN). The ﬁrst visible evident for
an altered structure was the appearance of the catalyst powders
(Figure 1); the typical yellow color of g-CN was turned into
dark brown after tungsten incorporation.
In addition to the obvious color change, typical photoluminescence of g-CN was quenched after tungsten incorporation which can be demonstrated via digital images of the
powders shown in Figure 1 under UV light (Figure S1). In
order to estimate the thermal development of the condensation reaction, thermogravimetric analysis (TGA) was

Figure 1. Digital images of melamine and the resulting ref-CN sample
(top), melamine−SiWA complex, and resulting CN−WA sample
(bottom).

performed for the melamine−SiWA precursor mixture. TGA
exhibits two steep mass loss steps due to polycondensation and
stabilizes after 500 °C, and the synthesis at 550 °C seems
reasonable, with 23% mass remaining in the condensation
product (Figure S2, yield can diﬀer and depends on the setup
as TGA and thermal condensation occur under diﬀerent
conditions). As a visual reference, condensation of pure SiWA
and the melamine−SiWA physical mixture (without joint
crystallization) was conducted at the same temperature, and
the resulting materials are green, crystalline, and nonhomogenous powders, as shown in Figure S3, which underline
the necessity of molecular mixing by binary preorganization. It
is also important to mention that lower SiWA loading is not
suﬃcient for the formation of a brown nanocomposite (data
not shown) and that a 10:4 melamine−SiWA (g/g) ratio was
found to be optimum to generate this new electronic state.
UV−vis spectra of ref-CN revealed the standard g-CN
absorption proﬁle (Figure 2a), with a band gap of 2.73 eV, as
calculated from the Tauc plot (Figure 2a inlet). Signiﬁcant
enhancement in absorption (corresponding to higher transition moment) as well as a shift of the band gap toward the
red was obtained for the CN−WA sample, where the Tauc plot
(Figure 2a) gave a band gap value of 2.05 eV or about 600 nm
(Figure 2a inlet), which is evident that tungsten incorporation
alters the light absorption capacity of the resulting hybrid.
Photoluminescent (PL) spectra of both samples were acquired
from aqueous dispersions (Figure 2b), and photoluminescence
is largely quenched after tungsten incorporation, supporting
the previously discussed visual observation (Figure S1). The
minor leftover ﬂuorescence seems to be similar to original gCN, and no W-hybrid-related transitions are seen in
ﬂuorescence (than expected at longer wavelengths).
The X-ray diﬀraction (XRD) proﬁle of ref-CN (Figure 2cinlet) exhibits a peak around 13° and a sharp peak around 27°,
which are comparable to the literature values of traditional gCN materials. The XRD proﬁle of CN−WA (Figure 2c) shows
a broad peak. As in this hybrid, most of the X-ray scattering is
essentially due to tungsten, reﬂecting that the tungsten atoms
are not mutually ordered, but rather amorphous within the
hybrid structure, which will be discussed later. XRD of the
SiWA monomer (Figure S4) and melamine−SiWA complex
(Figure S5) indicates highly crystalline structures for both
cases, and changes in the diﬀractograms are found after
complex formation (peak formation at 18°, enhanced peaks at
a range of 25−30°, and pronounced decrease of peak
intensities after 40°), representing that melamine and SiWA
indeed recrystallize as a joint complex. Calcination of pure
SiWA at 550 °C gives a similar proﬁle to annealed WO352, with
slight diﬀerences due to the contained silica (Figure S6), and it
is important to mention that it has a strong green color that
diﬀers from WO3 which is yellow, a change typical for oxygen
vacancies. XRD curves of the carbonized melamine−SiWA
physical mixture (Figure S7) resemble g-CN diﬀractograms,
yet the sample was nonhomogeneous (Figure S3-right), while
the XRD sample was taken from the top of the crucible
(presumably g-CN rich). Fourier transform infrared (FT-IR)
spectra of precursors were investigated in order to obtain a hint
after joint crystallization. After complexation, amino vibrations
from melamine are attained (though weakened compared to
pure melamine) as well as the ﬁngerprint region from SiWA is
detectable in the complex precursor. In addition, a region that
is related to aromatic vibrations arising from melamine was
observed (Figure S8). The scanning electron microscopy
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Figure 2. (a) UV−vis spectra of ref-CN and CN−WA samples (inlets demonstrating Tauc plots), (b) PL spectra of ref-CN and CN−WA samples,
(c) powder XRD proﬁles of CN−WA and ref-CN (inlet), (d) FT-IR spectra of ref-CN and CN−WA samples.

(SEM) image of the mel−SiWA complex visualizes a
crystalline complex structure (Figure S9). FT-IR spectra of
ref-CN highlights the vibrations arising from the CN
heterocycle, C−N, and CN, as well as −NH2 at 810,
1250−1350, 1560, and 3200 cm−1 respectively (Figure 2d).
Similar spectra are obtained for CN−WA; however, the
sharpness of the aforementioned peaks is missing, which
indicates coupling of heavy W to the framework in an irregular
fashion.
Ref-CN has a hollow tubular-like structure as identiﬁed by
SEM (Figure S10). This is typical for preorganized complexes
as starting products, as, for instance, melamine itself is reported
to undergo self-assembly throughout pretreatment in water
leading to hollow pipe-like morphologies. 53 CN−WA
possesses quite a uniform structure with high homogeneity
(Figure 3a), unlike the macroscopic WO3−g-CN composites
mentioned in the literature.39,40 The physical composites made
before have two distinct regions that are easily identiﬁable as a
g-CN network and WO3 deposited on top. In our case, a
material with a single morphology was obtained. Elemental
mapping via SEM exhibits uniform distribution of C, N, O, and
W atoms over the whole sample (Figure S11), and energy
dispersive X-ray (EDX) spectra conﬁrm the C, N, O, and W
atoms in the CN−WA sample (Figure S12).
Composition of both samples was investigated as shown in
Table 1. Combustive elemental analysis of ref-CN revealed the
nitrogen-rich network with the C3N4.4 molar ratio, and a
similar method was attempted for CN−WA, but the sample
does not have a tendency to combust. Therefore, EDX analysis
was utilized for the estimation of the elemental composition of
the CN−WA sample, which gave a C3N4.35W0.38O1.06-type
structure from an average of ﬁve independent areas. The

Figure 3. (a) SEM images of the CN−WA sample, (b) scanning
transmission electron microscopy (STEM) brightﬁeld (left) and
darkﬁeld (right) images at atomic resolution of the CN−WA sample.

weight percent of tungsten is quite high in CN−WA, but it is
important to keep in mind that the atomic mass of tungsten is

Table 1. Elemental Composition and Surface Areas of Ref-CN and CN−WA Samples
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Sample
Ref-CN
CN−WA

C (wt %)
a

35.7
19.8b

N (wt %)

O (wt %)

W (wt.%)

a

61
33.4b

C/N ratio
a

9.3b

37.4b

0.65
0.69b

formula
C3N4.4c
C3N4.35W0.38O1.06c

surface aread (m2 g−1)
22
4

a
Obtained via combustive elemental analysis. bObtained via the average of ﬁve independent measurements by SEM EDX analysis. cCalculated via
the conversion of weight of elements to molar portions. dObtained via the nitrogen desorption method using BET to evaluate data.

Figure 4. XPS survey of the CN−WA sample: (a) C 1s, (b) N 1s, and (c) W 4f core levels, (d) band gap diagrams of ref-CN and CN−WA samples
(with respect to the standard hydrogen electrode).

higher than those of the other elements. In addition, the ICP
method presented 33 wt % tungsten atom in the sample; such
a high atomic ratio can be attributed to high temperatures and
single-step in situ synthesis conditions from the joint
crystallized precursor, which diﬀers from the post-atom
deposition methods. It is also important to bear in mind that
EDX is an area-oriented method; therefore, the elemental
ratios are approximities. Surface area measurement by the
nitrogen desorption method using the BET method demonstrated 22 m2 g−1 for ref-CN and 4 m2 g−1 for CN−WA. All
these point to a rather unperturbed CN-condensation, with
about one W atom per two heptazine pores, potentially stacked
on top of each other.
High-resolution transmission electron microscopy (HRTEM) and STEM measurements were utilized to gain insights
into the atomistic structures of both samples. HR-TEM of refCN exposes sheet-like structures that are similar to traditional
g-CNs (Figure S13). HR-TEM of CN−WA divulges a
surprising structure (Figure 3b); the whole system is
homogeneous (as also observed in SEM), while tungsten
single atoms are observed in dark ﬁeld images at atomic
resolution. This is unusual for a content of 37 wt % but was
reasoned before to be the result of the pore structure of g-CN.
On top, the isolated W-atoms seem to have no mutual
organization but are rather randomly distributed in the sample,

thus conﬁrming the XRD data. TEM results of g-classical,
macroscopic CN, and WO3 composites from the literature41
clearly indicate two diﬀerent morphologies rather than a single
material, which conﬁrms the formation of a physical composite
mixture.
In our case, a homogeneous network and distribution of
tungsten single atoms/clusters hint toward the formation of a
novel “alloy type” material54 based on tungsten and the carbon
nitride framework. In order to conﬁrm structures, more HRTEM measurements were performed on the CN−WA sample
together with corresponding electron energy loss spectroscopy
(EELS) spectra. All four additional measurements (Figures
S14,S16,S18,S20) exhibit a similar morphology; a uniform
network is visible at lower magniﬁcation, and dark ﬁeld images
at an atomic scale reveal tungsten single atoms/clusters. Each
corresponding EELS spectra (Figures S15,S17,S19,S21)
conﬁrm the presence of W in the investigated area, supporting
the claim that the visible atoms of heavier elements are indeed
tungsten. However, doubling the amount of SiWA in the
complex precursor resulted in a completely altered morphology
of the ﬁnal material (Figures S22,S23). HRTEM revealed a
signiﬁcant phase demixing for the CN−2WA sample, where
the heavier element (tungsten) lines up and forms a distortion
within a g-CN framework, resulting in a sand wave-like
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Figure 5. (a) Digital images of samples; the left vial is a solution before reaction (without CN−WA addition), and the right vial is after
photooxidative polymerization. Pathway 1 is after ﬁltration, and pathway 2 is after drying. (b) SEC elugram of polyguaiacol obtained in basic water
calibrated with PSSNa standards, (c) FT-IR spectra of polyguaiacol, (d) TGA result of polyguaiacol.

assembly. Therefore, we have not investigated this sample
further.
XPS was performed in order to understand the nature of
surface chemistry and bonding in samples. Ref-CN consists of
a typical CN heterocycle (C 1s and N 1s core levels, Figure
S24) with binding energies that are consistent with the
literature.55 Similar patterns were obtained for the CN−WA
sample with the C and N 1s core levels, with a surprise of peak
shifts (Figure 4a,b). Such a phenomenon was previously
reported when our group attempted vinyl thiazole grafting to
g-CN, in which the electrons migrated to vinyl thiazole groups,
and similar changes in XPS survey were reported.56,57 In this
case, both peaks from the carbon core are shifted to negative
values (around −0.4 eV), and a peak from the nitrogen core
(of g-CN) is shifted by +0.3 eV, which indicates a change in
the electron density over carbon nitride frameworks after
tungsten incorporation. A change in electronic density after
metal incorporation into a host network has been attributed to
charge transfer-induced stabilization,37,58 as dentate-like nitrogen pots can transfer electrons to stabilize the guest metal
particles. Indeed, the nitrogen moieties turn more electron
poor due to electron donation to W, while the carbon atoms
are more electron-rich, to compensate the partial charge on the
neighboring nitrogen atoms. This essentially complies with the
rule of alternating electron polarizations in joint wave
functions. Such stabilization, in general, renders improved
catalytic activity as well, as the so-formed Schottky dyad
improves Fermi level equilibration and charge separation.58
The electronic-state diﬀerence of nitrogen atoms in ref-CN
and CN−WA was further followed via EELS spectra by HRTEM (Figure S25), which shows earlier onset and a more
positive nature of nitrogen atoms in CN−WA and the ones in
ref-CN. Furthermore, N 1s of CN−WA reveals the N−W
bond (Figure 4b), and W 4f spectra show W−O and W−N
bonds that are positioned quite diﬀerent from WO359 and
WN60 on nitrogen-rich carbon-based frameworks. Tungsten is
known to form complex architectures in the presence of

nitrogen donors,61 yet the capacity of g-CN as a multiple
chelating donor has not been explored previously. Clearly, all
data support our view that the SiWA clusters are broken up
and inject tungsten single ions into the carbon nitride
framework.
UPS survey (Figure S26) was conducted in order to
comprehend the band gap of samples (Figure 4d). A signiﬁcant
increase in intensity, that is, density of states, was obtained for
CN−WA compared to ref-CN, and lower work function value
(3.2 eV for CN−WA and 3.9 eV for ref-CN) after tungsten
incorporation indicates lower energetic barriers and hence
easier ﬂow of electrons.62 All these results combined hint
toward the formation of a uniform material (tungsten in the
carbon nitride framework) thus eliminating other possibilities
which assume the formation of two distinct layers (i.e. WN
formation on carbon) since WN itself has quite diﬀerent
characteristics (i.e. crystallinity, work function, and band
gap).63
These band positions of the material and the known oxygen
activating character of tungsten make it suitable as a potentially
very selective oxidation catalyst, similar to a peroxidase
enzyme. Our current interest in such selective oxidation
reactions is mostly along biobased degradable polymers, for
example, the build-up and the degradation of lignin (here then
called ligninase, as known from fungi). There is a general
interest for polymerization of small aromatic molecules to
understand how lignin is constructed in nature, which is
generally attributed to oxidative polymerization of aromatic
molecules such as guaiacol or monolignols.64 Complex C−O
and C−C coupling governed by natural enzymes which
activate hydrogen peroxide can be the key steps in such
oxidative polymerization.
Guaiacol was polymerized before via enzymes and is
considered to be the simplest lignin model.65 We have chosen
guaiacol as a simple model compound and performed the
photocatalytic oxidation reaction as delineated in the Methods
section. It is important to note that the reaction in the absence
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of hydrogen peroxide does not proceed, which already hints
toward enzyme-like activation of H2O2 by the CN−WA
catalyst as the key driver of the polymerization reaction.
The color of the reaction media turns blackish after 6 h
reaction (Figure 5) and really looks and behaves as “lignin
black liquor”. The solution was then ﬁltered to remove the
photocatalyst (Figure 5, pathway 1) and dried (Figure 5,
pathway 2). In other previous reports, guaiacol is reported to
undergo cyclization (O−O coupling) to form tetramer units
(molecular weight 456 g mol−1) via peroxidase,66 the known
guaiacol oxidation assay. We have conducted size exclusion
chromatography (SEC), which shows broad molecular mass
distribution of a polymer with an average of 3500 Da, which is
rather typical for lignins. FT-IR spectra of polymers show a
broad peak around 3450 cm−1 attributed to the phenolic
hydroxyl groups (Figure 5c). More pronounced peak clusters
between 1400 and 1600 cm−1 are attributed to aromatic rings,
and a slight peak at 1750 cm−1 can be due to partial phenol
oxidation during oxidative polymerization. The peak at 1030
cm−1 represents C−H in plain deformation, and peaks around
1200 cm−1 present vibration of guaiacyl rings.67 The TGA
diagram of the polymer sample is similar to the one of kraft
lignin,67 a curve with a gradual decrease over a broad
temperature range, which results 37% mass at 800 °C
indicating the formation of carbonaceous species (Figure
5d). As control experiments, ref-CN or the mel−SiWA
complex did not produce any polymer (not even a color
change in reaction media), indicating that the oxidative power
of these materials is not suﬃcient enough to conduct guaiacol
polymerization via H2O2 photoactivation.
The solubility and processability of polyguaiacol, unlike
natural crosslinked polymers, and the simpliﬁed non-enzymatic
synthesis together with the known redox properties of
polyphenols as well as their ability to bind ions point to a
rich potential application spectrum, which however is out of
the scope of the present paper.

■

CONCLUSIONS
A crystalline, acid−base-induced complex of silicotungstic acid
and melamine was introduced as a promising precursor for
thermal condensation toward a novel semiconductor containing tungsten single atoms. The obtained structure was
characterized via HR-TEM, SEM, XPS, and UPS which
elucidated morphological and photophysical properties.
Entailing such a large transition metal into the g-CN network
is highly interesting from a coordination chemistry view of
tungsten, and the novel fused composite material is photoactive and easily scalable and reproducible.
Tungsten single atoms were imaged by STEM imaging at an
atomic scale, and a corresponding change in the electronic
state as well as photophysical properties was discussed via XPS
and UPS. A narrowed band gap after tungsten incorporation
promises a wider use of solar light and that the oxidation
potential is smoothened, promising to move from deep
oxidation to selective oxidation. This together with the
known properties of W to act as a local binding site for
substrates assures broader application. The peroxidase-like
activity of the materials was illustrated by a sensitive model
reaction and the photo-oxidative polymerization of guaiacol,
and a soluble polymer with a molecular weight of 3500 g mol−1
was obtained which can be understood as a simpliﬁed lignin
model.

From a materials design perspective, we believe that such a
simple methodology could be extended to other metal systems,
and the facile recipe could signiﬁcantly inﬂuence catalysis by
simple and eﬀective fabrication of single atoms containing
scaﬀolds in broader range than done before.

■

METHODS

Materials. All chemicals were used as purchased. Ethanol
(absolute, Merck), guaiacol (98%, Sigma-Aldrich), hydrogen peroxide
(30 wt % solution, Sigma-Aldrich), melamine (99%, Alfa Aesar), and
silicotungstic acid (Sigma-Aldrich) were used.
Synthesis of CN−WA. 10 g of melamine and 4 g of silicotungstic
acid (SiWA) powders were mixed in 50 mL of distilled water
overnight and dried in an oven at 80 °C until complete water
evaporation. The resulting powder (melamine−SiWA complex) is
placed in a capped aluminum crucible and heated up to 550 °C (4 h
to reach 550 °C and another 4 h at 550 °C) under a nitrogenprotected oven. After cooling down, the catalyst is washed with water
overnight, ﬁltered, and dried (the catalyst is denoted as CN−WA). It
is important to note that the doping eﬀect is activated in a 10:4
mixing ratio and not in lower ratios.
Synthesis of CN−2WA. 10 g of melamine and 8 g of
silicotungstic acid (SiWA) powders were mixed in 50 mL of distilled
water overnight and dried in an oven at 80 °C until complete water
evaporation. The resulting powder (melamine−SiWA complex) is
placed in a capped aluminum crucible and heated up to 550 °C (4 h
to reach 550 °C and another 4 h at 550 °C) under a nitrogenprotected oven. After cooling down, the catalyst is washed with water
overnight, ﬁltered, dried (the catalyst is denoted as CN−2WA), and
subjected to HR-TEM investigation.
Synthesis of Ref-CN. 10 g of melamine is utilized as a precursor
and mixed with 50 mL of distilled water overnight and dried in an
oven at 80 °C until complete water evaporation. The resulting powder
is placed in a capped aluminum crucible and heated up to 550 °C (4 h
to reach 550 °C and kept 4 h at 550 °C) under a nitrogen-protected
oven. After cooling down, the catalyst is washed with water overnight,
ﬁltered, and dried (the catalyst is denoted as ref-CN).
Oxidative Polymerization of Guaiacol. 50 mg of CN−WA was
employed with 1 mL of guaiacol, 3 mL of ethanol, and 0.2 mL of
hydrogen peroxide solution. Reaction was irradiated via visible light
for 6 h and ﬁltered, and the solute was dried in a vacuum oven at 60
°C overnight. As reference experiments, CN−WA was replaced with
either ref-CN or the mel−SiWA complex; however, no polymer
formation was observed for both cases.
Characterization. Powder XRD patterns were obtained using a
Bruker D8 ADVANCE X-ray diﬀractometer via Cu Kα radiation.
SEM and EDX elemental mapping were performed using JEOL JSM7500F equipped with an Oxford Instruments X-MAX 80 mm2
detector for the determination of the morphology. Solid-state
ultraviolet−visible (UV−vis) spectroscopy for powder catalysts was
recorded via a Cary 500 scan spectrophotometer equipped with an
integrating sphere. FT-IR spectra were taken on a Nicolet iS 5 FT-IR
spectrometer. Combustive elemental analysis of CN−WA and ref-CN
was performed via a Vario Micro device. PL emission spectra were
recorded on a Jasco FP-8300 instrument at ambient temperature
using aqueous dispersions of catalysts with the excitation wavelength
at 360 nm. HR-TEM, STEM, EDX, and EELS measurements were
acquired using a double-Cs-corrected Jeol ARM200F, equipped with a
cold ﬁeld emission gun and a Gatan GIF Quantum and operated with
an acceleration voltage of 200 kV. The tungsten atom content was
further analyzed by inductively coupled plasma optical emission
spectroscopy (ICP-OES) using an Optima 8000 ICP-OES from
PerkinElmer. 0.2 mg of CN−WA sample was well grinded and
digested in aqua regia for 5 h prior to measurement. SEC was
conducted in water by dissolving the polymer in basic water at 25 °C
using a column system composed of a PSS SDV 1000/10,000/
1,000,000 column (8 × 300 mm, 5 μm particle size) with a PSS SDV
precolumn (8 × 50 mm), a SECcurity RI detector, and a SECcurity
UV−vis detector and calibration with PSSNa standards from PSS.
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The core levels of C 1s, N 1s, and W 4f in catalyst samples were
studied with XPS measurements using CISSY equipment in ultrahigh
vacuum, with SPECS XR 50 X-ray gun Mg Kα radiation (1254.6 eV)
and a combined lens analyzer module. Valence band maximum was
analyzed with UPS and carried out with a excitation source of He I
21.2 eV radiation and UVS 10/35, and the data were acquired at a
bias −10 V. The calibration was performed by the Fermi level of the
gold reference sample. TGA was performed via TG 209 Libra from
NETZSCH in a nitrogen atmosphere with a heating rate of 10 K
min−1 using an aluminum crucible for samples.

■
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Illustration of melamine-silicotungstic acid complexation
and the ﬁnal CN-WA material; digital images of
melamine, ref-CN, mel-SiWA complex, and CN-WA
powders; TGA results; digital images of thermally
treated SiWA and SiWA-melamine; XRD patterns; FTIR spectra of samples; SEM images and elemental
mapping of the mel-SiWA complex, ref-CN, and CN−
WA; additional HRTEM measurements; EDX spectra;
STEM images; background-subtracted EELS spectra;
and XPS spectra of ref-CN and UPS survey of the
samples (PDF)
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