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Highly efficient catalytic technologies are urgently needed to remove pharma-
ceutical pollutants from water. In this work, the preparation, characterization, and
photocatalytic performance of an earth-abundant Ni-based heterogeneous catalyst
featuring highly dispersed Ni species over nanosheets of carbon nitride are
reported. The absence of any metallic nickel phase has been confirmed by spec-
trometric analyses, unveiling the Ni—N environment for the metal centers and
attaining synergistic interfacial carrier transfer via N—Ni—N coordination. By
combining advanced characterizations with kinetic investigations, it is demon-
strated that these newly formed isolated single atoms of Ni act as a bridge,
facilitating faster electron transfer, increasing the charge density on Ni, and
reducing the photocarrier transfer barrier. Compared to literature precedents, this
substantially enhances the degradation of gemfibrozil, a model pharmaceutical
pollutant found in wastewater, reducing the formation of toxic benzenic byproducts
during photooxidation. This effect, which is not observed over conventional
nanoparticle-based materials, discriminates the role of single-atom and nanopar-
ticle-based catalysis during degradation of pollutants. This work opens new ave-
nues in designing selective and earth-abundant photocatalysts for advanced
oxidation processes, showing the importance of atom coordination to control the
surface and catalytic properties of single-atom materials.

1. Introduction

The removal of pharmaceuticals from
water is a major scientific and technological
challenge among the United Nations
Millennium Development Goals.!!
Contaminant photodegradation processes
based on the exploitation of nanocatalysts
are gaining momentum,’” and this popu-
larity is linked with the low cost, low toxic-
ity, and unique semiconductive abilities of
many novel nanomaterials, which are able
to generate hydroxyl radicals («OH) and oxi-
dize persistent pollutants into biodegrad-
able byproducts with an unprecedented
selectivity.’! This outperforms state-of-
the-art TiO, catalysts, which often do not
ensure a complete contaminant degrada-
tion. For example, in the TiO,/C-assisted
photocatalytic oxidation of gemfibrozil,
one of the drugs found in wastewater efflu-
ents, stable benzene moieties are formed
during degradation, and these are released
in the “purified” water, creating acute tox-
icity and causing major environmental
issues.™ For this reason, non-TiO,-based
photocatalysts featuring the use of MoS,,
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fullerenes, graphene, N-containing carbons, ZnO, Bi, WO, WS,
and Ag;PO, are regarded as next-generation solutions for selec-
tive photocatalytic degradation of persistent micropollutants.””! In
particular, graphitic carbon nitride (gC3N,) is a promising photo-
active material only based on earth-abundant elements (i.e., C and
N), highly stable from a thermal and chemical viewpoint, and with
appropriate bandgap (=2.7eV), to enable visible light absorp-
tion.”) However, its photocatalytic activity is limited because of
the fast photoinduced electron—hole pair recombination rate, giv-
ing rapid charge carrier recombination. Therefore, improving its
electronic properties via nanostructural modifications and ele-
mental incorporation is a requirement for carbon nitride samples.

Single-atom catalysts (SACs) are a new class of materials bridg-
ing these gaps.”! These materials, which consist of isolated single
metals tenaciously entrapped within the cavities of a porous car-
rier, represent the optimal utilization of transition metals, offering
facile material handling similar to that of the traditional heteroge-
neous catalysts.® Carbon nitride motifs are the most chosen car-
rier for metal anchoring to prepare SACs.”! In fact, the polymeric
structure of gC3N, is optimal due to its nitrogen-rich pores that
can accommodate in a stable manner the metal species through
electronic stabilization with the lone N pairs."®""! This incorpo-
ration of metal species within the carrier pores can effectively
enhance the photocatalytic activity of gC;N, samples.[*?

Over the past years, SACs have demonstrated outstanding cat-
alytic activities and product selectivity in important transforma-
tions, such as alkyne hydrogenation, water oxidation, Suzuki
carbon—carbon coupling, water-gas shift, and electrosynthesis.™*!
Within the field of pharmaceutical degradation, the use of gC3Ny-
based SACs has been occasionally reported for the photocatalytic
degradation of organic pollutants. Wang et al.'"! described a het-
erogeneous catalyst consisting of highly dispersed Ag atoms and
carbon quantum dots on ultrathin gC;N, for the broad-spectrum
(UV, visible, and near-infrared light) degradation of naproxen.
The authors reached 87% degradation of the pollutant after
25 min of batch irradiation. Unfortunately, the contribution of
UV and near-infrared irradiation was not decoupled from that
of visible light, and it was thus difficult to understand whether
the decomposition occurred due to the UV light. Similarly,
Trofimovaite et al.'*! entrapped Pd single atoms on mesoporous
TiO, to promote the degradation of methyl orange, obtaining
90% removal after 2 h. The photocatalytic data for the nanoma-
terials was sixfold higher than that of the same catalyst without
Cu doping, pointing to the key role of isolated species in the reac-
tion. Unfortunately, such works only explored the contaminant
degradation without assessing the extent of (by)product forma-
tion during the reaction, leaving gaps in our understanding of
the selectivity cycle and demonstrating that, at present, the
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application of SACs in the photocatalytic degradation of pollu-
tants is in its infancy.'® An important aspect when using
SACs to catalyze the removal of pharmaceuticals concerns the
nature of the transition metals entrapped on the porous carrier.
Often, rare metals such as Pd, Pt, Ir, Ag, and Au are used in sin-
gle-atom catalysis,®! rendering these materials far from meeting
some of the most recent green-chemistry guidelines. Trying to
fill a knowledge gap, this work demonstrates that by designing
an advanced photocatalyst surface and incorporating atomically
dispersed and Earth-abundant nickel species on carbon nitride
nanosheets, it is possible to control and selectively direct the con-
taminant degradation, shifting the reaction to the formation of
thermodynamically stable gaseous species. This enables a lower
extent of noxious benzenic byproduct formation.™”! To decipher
the role of atom coordination on the catalytic cycle, we have pre-
pared, characterized, and kinetically compared single-atom and
nanoparticle-based Ni catalysts, showing that the effects over sin-
gle-atom materials are unique and not observed over conventional
nanoparticle-based counterparts. This opens directions for the
rational design of selective photocatalysts for advanced oxidation
processes.

2. Results and Discussion

2.1. Catalyst Characterization

Following the synthetic recipe reported in the Experimental
Section, four materials were prepared: carbon nitride in graphitic
form (herein indicated as gC;Ny), carbon nitride in nanosheet
form (herein indicated as nC3;N,), a single-atom Ni-based catalyst
on carbon nitride nanosheets (herein indicated as saNi-nC3Ny),
and Ni nanoparticles on carbon nitride nanosheets (herein indi-
cated as nanoNi-nC3;Ny).

The bulk composition, phase purity, and structure of the syn-
thesized samples were analyzed by X-ray powder diffraction
(Figure 1a). In the prepared materials, two distinct diffraction
peaks at 20 of 12.75° and 27.50° can be indexed, corresponding
to the (100) and (002) planes, respectively. These two peaks
match well those in the literature,™® and correspond to graphite-
like carbon nitride in the planar-packed system (JCPDS 87-1526).
In particular, the sharp diffraction peak at 27.50° is indicative of
the typical interplanar stacking of aromatic structures, and the
weak peak at 12.75° corresponds to an interplanar structural
packing (trigonal N linkage of the tri-s-triazine) motif.

Compared to gC3N,, the (002) diffraction peaks for nC3N,,
saNi-nC;N,, and nanoNi-nCs;N, are narrower, pointing to an
increased degree of material condensation, which is common
in highly crystalline nanosheet-based materials. Comparatively,
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Figure 1. a) Wide-angle XRD patterns of the different catalysts with an inset showing the shift of the (002) peak to higher angles for nanosheet materials.
b) High-resolution C 1s, N 1s, Ni 2p, and O 2p XPS spectra of saNi-nC3N,. c) Visible region of the UV-vis absorption spectra and d) Tauc plot of the

different catalysts.

the (002) diffraction peak of nC;Ny4, saNi-nC3Ny, and nanoNi-
nC3Ny shift slightly toward higher angles compared to gC3Ny
(from 27.50° to 27.90°; see the inset in Figure 1a), indicating that
the interlayer distance between the basic sheets of gC;N, is
smaller as the crystal structure tends to become more stable
due to the increase in calcination temperature with a slower rate
during synthesis.,">2! Apart from peaks that can be indexed to
C3Ny, no additional peaks for metallic or oxidic Ni species are
observed in saNi-nC3;N,, indicating that Ni is evenly dis-
persed.?>?*! On the contrary, nanoNi-nC;N, has a small reflec-
tion at 34° (indicated in Figure la with a triangle) which is
assigned to oxidic NiO species.

The hybridized orbital contribution of each element was con-
firmed by running high-resolution XPS of the synthesized mate-
rials. In particular, Figure S2, Supporting Information, shows
the XPS spectra of gC3N, and nC3;Ny, and Figure 1b shows
the spectra of saNi-nC;N,. The complete integration of the
XPS peaks is listed in Table S1, Supporting Information.
Notably, in gC3Ny, the C 1s spectrum can be clearly deconvoluted
into three major peaks at 284.44, 285.20, and 287.93eV
(Figure S2, Supporting Information). In particular, the peak at
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284.44 eV can be ascribed to graphitic carbon (C—[C,H] adventi-
tious carbon, energy calibration sp® carbon), which at 285.20 eV
corresponds to sp> C—C bonds, while the signal at 287.93 eV can
be attributed to sp> N—C=N bonds in the aromatic skeleton of the
synthesized carbon nitride.?®*! This confirms that the surface
structure of gC3;N, is composed of repeating “melem” units.
Notably, the binding signals at 286.45 and 288.49 eV can be
attributed to C—0O and O—C=O0 bonds, respectively, indicating
the existence of oxygen species in the sample, likely coming from
the air calcination at 550 °C. In the XPS spectra of nC3;N,, all
three C=N, C—N, and N—C=N peaks are observed
(Figure S2, Supporting Information). The small shifts to higher
binding energies (BEs) confirmed the strong interaction during
nanosheet condensation, which is in line with the wide-angle
XRD analysis in Figure 122921 In the case of saNi-nC3;N,,
the three major peaks are centered at 284.68, 285.83, and
288.06 eV, which correspond again to graphite sp* carbon, sp*-
coordinated carbon bonds CG—C, and the N=C—N bond with
sp?, respectively (Figure 1b). However, a complete absence of
an oxygen-bounded peak (C—O) is evidenced in this sample.
The high-resolution N 1s spectra (Figure 1b) of the same material
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show three peaks approximately centered at 398.55, 399.87,
400.93, and 404.20 eV, corresponding to sp>-hybridized N in tri-
azine rings (C=N—C), pyrrolic tertiary-like N [N—(C);], free
amino groups (C),—N—H, and the charging effect, respec-
tively.2?* However, for saNi-nC;N,, a shift of the pyrrolic N
shift at 399.87 eV is noted, which is due to the anchoring of
the Ni single atoms to the lone pair of the pyrrolic N atom!*’!
(Figure 1b). This is confirmed by Ni 2p XPS. In fact, for the case
of saNi-nC3Ny, the Ni 2p species can be deconvoluted into four
major peaks with binding energies of Ni at 857.30, 855.73,
873.33, and 874.90eV, all corresponding to the Ni 2p;,, and
Ni 2p,, of Ni?". The results are conducive to the formation
of Ni—N, active sites. Particularly, pyrrolic N tends to coordinate
with Ni atoms to form Ni—N, moieties. This appears to be a

www.solar-rrl.com

characteristic fingerprint of Ni SACs, and differs from other
earth-abundant SACs, for example, those made of Fe, where pyr-
idinic N species are involved in the coordination of the isolated
metals.[26-28] Notably, the shift in Ni 2p;,, and Ni 2p, , is a low-
valent oxidation state due to the anchoring nature of the single
atoms, as reported in previous studies.”*!! This resolves the
question on the nature of the active site, pointing to the presence
of only cationic Ni*" species. If metallic Ni active sites were pres-
ent, a Ni 2p3, contribution at 852.6 eV, corresponding to subsur-
face Ni® species, would be expected, which is absent in our
case.*Y X-ray absorption near-edge spectroscopy (XANES) con-
firmed the XPS results, proving that only cationic Ni** species
are present (Figure S3, Supporting Information). Extended X-ray
absorption fine structure (EXAFS) spectroscopy has been applied

Figure 2. HRTEM micrographs of saNi-nC;N, at magnifications of a) 100 nm and b) 20 nm, showing the absence of metal nanoparticles. c) High-reso-
lution HAADF-STEM micrographs of the same catalyst and d) higher magnification of a portion of it. e~i) HAADF-STEM elemental mapping showing the

individual contribution of C, N, and Ni on a saNi-nC;N, catalyst area.

Sol. RRL 2021, 5, 2100176 2100176 (4 of 12)

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

; ‘RRL

www.advancedsciencenews.com

to determine the local structure of the Ni-based catalysts
(Figure S3, Supporting Information). The pseudoradial distribu-
tion function for saNi-nC;N, shows a main contribution, which
was best fited by Ni—N neighbors at 2.082A (Table S2,
Supporting Information), in agreement with the XPS, character-
istic of Ni atoms in the nC3;N, cavities, and most likely of single-
atom character. Another Ni—N contribution can be fitted at
2.444 A, which indicates Ni to be present in the interstitial or inter-
planar layers of the nC3N,. The third peak is fitted at 3.103 A, with
three nearest-neighbor Ni atoms, suggesting that apart from single
Ni atoms also Ni single-site species in the form of Ni—O—Ni clus-
ters are present, which are most likely formed in the interstitial
layers. The XAS characterization of the nanoNi-nC3;N, shows only
two peaks: The first is fitted with Ni—O neighbors at 2.056 A and
the second with the Ni—O—Ni clusters above. The close vicinity of
the Ni—N and Ni—O is a typical limitation of XAS characterizations
over SACs made of earth-abundant elements.*?! Transmission
electron microscopy corroborates this result and further demon-
strates the absence of any nickel-based nanoparticles on the surface
of an SAC (Figure 2a—c). Furthermore, the HAADF-STEM images
in Figure 2d-i reveal that individual nickel atoms are atomically
dispersed, proving a homogenous distribution of the active phase
over the entire nC;N, nanosheet structure. The Ni single atoms are
highlighted with white dotted circles in the high-resolution STEM
image (Figure 2j). Comparing this micrograph and those for
nanoNi-nC3;N, in Figure S4, Supporting Information, the absence
of any Ni clusters or particles in the single-atom material is obvi-
ous. The results are consistent with the XRD of saNi-nC3;N,, where
no clear peaks assignable to bulk species (i.e., nanoparticles or clus-
ters) are observed. Yet EDX elemental analysis (Figures S5 and S6,
Supporting Information) confirms the presence of all key elements
(including the metal phase) in the samples.

Optical properties of gC3N4, nC3Ny, nanoNi-nC3;Ny, and saNi-
nCs;Ny have been studied by UV-vis diffuse reflectance spectros-
copy, and the results are plotted in Figure 1c. Structural change
in gC3N, can alter light absorption properties, but the spectra
resemble literature precedents where UV-vis spectroscopy was
applied over similar catalysts.”® In particular, as shown in
Figure 1c, the absorption edge of nC3N, exhibits a blueshift com-
pared to gC3N,. From the spectra, the sample bandgaps were cal-
culated using the Tauc plot in Figure 1d. In particular, gCsNy,
nC3;Ny, nanoNi-nC3;N,, and saNi-nC3N, show bandgaps of 2.5,
2.6, 2.7, and 2.4eV, respectively. The observed shift of the
absorption edge, going from gCs;N, to nC;N,, might be due
to the quantum size effect caused by the ultrathin nanosheet
structures of nC;N,.[19243435] A]l synthesized materials absorb
within the visible region. In particular, introduction of metal
single atoms into the nC;N, has a dual effect of narrowing
the optical band gap and enhancing the light absorption in
the range 500-800 nm due to the introduction of metal ions,
which facilitate ligand-to-metal charge transfer. It is evident that
the single-atom Ni catalyst has a narrower bandgap compared to
the nanoNi-nC;N, material, resulting in the enhanced light-
harvesting capability of saNi-nC;Ny in the visible light region
(i.e., 400 < 4 <700 nm). A narrow bandgap broadens the light
response, generating more electrons upon irradiation.** As a
result, saNi-nC3; Ny is expected to show better photocatalytic activ-
ity compared to the other samples because of its lower bandgap,
the enhanced average life of the photogenerated electron-hole
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pair, and easy electron transfer between the single-atom Ni
and the carbon nitride carrier.

2.2. Catalyst Performance and Physicochemical Correlations

Using the materials described previously, we explored the
photocatalytic removal of pharmaceuticals in deionized water
at a pollutant concentration of 100 ppm. Gemfibrozil, a major
contaminant present in hospital and civil wastewater effluents,
was taken as a model compound to assess the degradation of
water pollutants of emerging concerns. This small molecule is
difficult to photo-oxidize and previous studies have shown that
its benzene core cannot be degraded, resulting in the formation
of genotoxic moieties in the liquid solution.!*

Our catalytic tests have been conducted under photocatalytic
batch conditions. As shown in Figure 3a, the removal of gemfi-
brozil increases with longer irradiation times over all catalysts.
After 30 min of visible light irradiation, the removal efficiency
is 32.0%, 36.2%, 53.5%, and 75.9% for gC3N,, nC;Ny,
nanoNi-nC3N,, and saNi-nC3;N,, respectively. Therefore, the
order of reactivity among the catalysts is saNi-nCsNy >
nanoNi-nC3N, > nC3;N, and gCsN,. It is interesting to observe
that no degradation occurs in the absence of light (Figure 3a),
proving that gemfibrozil degradation is driven by photocatalysis.
Also, the order of reactivity does not change on fixing the resi-
dence time and varying the temperature and pressure (Figure S7,
Supporting Information) and is thus independent of the specific
experimental conditions; furthermore, the performance is stable
upon catalyst recycling (Figure 3b), which attests no loss of the
active sites and no structural rearrangements in the Ni—N, motifs
after use. We evaluated the catalyst leaching resistance after the
tests in Figure 3b, determining the metal content in the liquid
solution after each reaction. In all cases, the amount of leached
Ni in the saNi-nC;N, was lower than the detection limit of
ICP-MS (<0.001 mgL™"), which meets the total (toxic) nickel
emission standards in Europe (requiring this to be lower than
0.5mg L ').’” Finally, the superiority of the saNi-nC;N,
material can be appreciated in a vis-a-vis comparison with an
industrially used TiO, catalyst. Whereas in the case of TiO, the
degradation efficiency is below 10% after 30 min of visible light
irradiation, pure nC3;N, and in particular saNi-nC3;N, stand up
for efficiency, reaching 36.2%, and 75.9% degradation,
respectively (Figure S8, Supporting Information). Table S3,
Supporting Information, generalizes the conclusions for gemfi-
brozil to other contaminants.

Based on the data in Figure 3a, it is possible to model the deg-
radation of a pharmaceutical compound. In particular, for an
ideal isothermal cataytic batch reactor, the general material bal-
ance equation is given by Equation (1)

dN;  d(Vigenti) de;
TR Te Vbatcha =—r 1)

where N; represents the number of moles of the compound i, Vi,ach,
is the reactor volume, ¢; is the concentration of the compound i,
and r represents the reaction rate. However, the reaction rate over
a solid catalytic system can be expressed with Equation (2)

r= mcatkintci (2)
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Figure 3. a) Influence of the irradiation time on the degradation of gemfibrozil in water over the different catalysts in the absence and presence of light
(4 =400 nm), at [gemfibrozil] = 100 ppm, temperature = 30 °C, and pressure = 3 bar. The figure highlights the contribution of light in the catalytic pro-
cess. b) Stability test over saNi-nC3N, during five consecutive runs of gemfibrozil degradation at temperature T= 30 °C, pressure P = 3 bar, and irradia-
tion time = 30 min. c) Time-resolved photoluminescence spectra of nC3N,4, nanoNi-nC3Ny, and saNi-nC3;N,. d) Selectivity to gaseous species and leftover
organic moieties over the different catalysts. Additional catalytic tests with alternative conditions and contaminants are included in the Supporting
Information.

Table 1. Kinetic (k) and equilibrium (K) constants, as well as half-life time for the degradation of gemfibrozil in water over different catalysts. Experimental
conditions are in figure 3a.

Catalyst Pseudo-first-order concentration decay Langmuir—Hinshelwood expression
ks k[m® gea " s7] t1/2 [min] Kint 8 Gear ' 5] Kiw [m* g7
gC3N, 425x107* 425 %1077 27.1 403 x 1072 1.06 x10°°
nCsNy 453 107" 453 %1077 24.8 423 %1072 1.06 x 107°
saNi-nC;N, 11.8x107* 11.8x 1077 9.6 9.35 x 1072 1.26 x10°°
nanoNi-nC3N, 6.86 x 10°* 6.86 x 107 16.6 6.30 x 1072 1.08 x 10°°

where m,, is the catalyst mass and ki,; represents the intrinsic  to obtain the general material balance equation for a batch reactor
kinetic constant. Combining Equation (1) and (2), it is possible  (Equation (3))
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dei _
dt

Meat

kineCi 3
Vbatd,l ll’ltcl ( )

Solving this ordinary differential equation, the analytic solu-
tion is given by Equation (4)

¢ = cyexp (f Vnzcath kmtt> = coexp(—k't) 4
atc!

This equation corresponds to the classical pseudo-first-order
concentration decay used to model the behavior of a batch reac-
tor. The k' variable provides valuable information on how fast
this reduction is and, therefore, how fast gemfibrozil is being
removed from water. Considering that a kinetic analysis of gem-
fibrozil degradation through ab initio simulations has been never
reported so far, this approach is one of the available methods to
simulate the reactor behavior. Based on the analysis (Table 1), the
pseudo-first-order kinetic constant for the degradation of gemfi-
brozil over saNi-nC;N, is 11.8 x 107%, which is three times
higher than that over pure gC;N, and nC;N4 and two times
higher than over nanoNi-nC;N,. The estimated half-life
time for the contaminant degradation is in line with this
result, and further demonstrates that saNi-nC3N, requires only
9.8 min to halve the contaminant concentration.

We have compared these values with those determined
through a Langmuir-Hinshelwood expression, which is a widely
used model for describing heterogeneous photocatalytic reac-
tions.!>*! For a monomolecular irreversible degradation reaction,
the intrinsic reaction rate is given by Equation (5)

_ kintmcatKLHC
Fint = 1+ Kuc ®)
LH
where ki, is the intrinsic rate constant, m,, is the catalyst mass,
Kip is the adsorption equilibrium constant of the reactant, and ¢
is the mass concentration of the pollutant in the liquid phase.
Therefore, the observed differential change of the bulk concen-
tration ¢; during the reaction time t assumes the form in
Equation (6)

dci Meat K LHCi

I k: 6
dt Vbatch n 1+ KLHCi ( )

The estimate for the constant ki, and K;; were obtained from
regression fitting the linear region of Figure 3a. The estimated
parameters are summarized in Table 1. The model confirms the
higher kinetic constants observed over the saNi-nC3N, catalyst,
but similar thermodynamic constants that indicate similar deg-
radation paths over the catalysts. The results from this analysis
are particularly relevant, considering that no other catalyst
reported to date can degrade gemfibrozil with the same efficiency
(Table S4, Supporting Information).

This photocatalytic result can be correlated with the ligand—
metal charge transfers in the nanomaterials, as confirmed by
the measured photoluminescence (PL) data (Figure 3c). In fact,
at a lower PL intensity, the separation rate of the photogenerated
electron—hole pairs is higher. A broad PL band between 430 and
480 nm (with the value increasing passing from nC;N to saNi-
nC3;N,) is observed, with long tails approaching 700 nm and
sharply decreasing afterward.”® The PL emission intensity of
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saNi-nC;N, and nanoNi-nC;N, is significantly reduced as com-
pared to pure nC;N, and gC;N,, indicating that the introduction
of a Ni single atom or nanoparticles promotes electron transfer
and reduces the photogenerated electron-hole recombination
rate via inhibition of charge carrier recombination.”
However, saNi-nC3N, holds enhanced PL intensity compared
to nanoNi-nC;Ny, probably due to the even distribution of Ni
in the form of single atoms on the nanosheets of nC3;N,. In other
words, the high dispersion of Ni in the form of single atoms
enhances the separation of the photogenerated e —h™ pairs,
resulting in efficient transport of those during catalysis.*>*"!
Time-resolved photoluminescence (TRPL) spectroscopy reveals
that the estimated ligand—-metal charge transfer lifetimes dimin-
ish gradually as Ni single atoms are embedded in the form of
nanoparticles over nanosheet nC3;N,. The calculated average fluo-
rescence decay lifetimes (r,) of nC;N,, nanoNi-nC3N,, and
saNi-nC3;N, are 7.4, 4.9, and 3.3 ns, respectively (Figure 3c).
Such lifetime behavior is attributed to the emergence of a non-
radiative pathway from the possibly formed N—Ni—N interaction
in the saNi anchored to the nC;N, system (see also Figure S9,
Supporting Information), which is supported by XPS and
EXAFS data analysis and is not observed over nanoNi-nC;Njy.
To unravel the extent of product selectivity over the different
photocatalysts, we determined the organic content in the solu-
tions using CHN analysis (Figure 3d). It is known in the litera-
ture that during photocatalytic degradation of organic
contaminants, benzenic organic moieties are formed, and these
may be even more toxic than the initial substrate. Our carbon
balance analysis shows that gC3N4, nC3;N,, and nanoNi-nC;Ny
result in a similar content of organic byproducts and in a lower
fraction of gaseous species coming from the complete degrada-
tion of the pharmaceutical contaminant; in contrast, saNi-nC;Ny
results in a higher extent of gaseous products. The results point
to a more selective degradation path over “single-atom” Ni spe-
cies compared to “multiatom” Ni nanoparticles and highlight the
need for a rational design of the catalytic surface interface.
Characterization of the used catalysts reveals no significant
structural alterations in the samples and confirms a lower depo-
sition of organic moiety over the SAC. No changes in the char-
acteristic XRD peaks are detected in the postreaction samples,
supporting the fact that all the synthesized materials, including
saNi-nC3N,, are catalytically stable (Figure S10, Supporting
Information). The Ni—N sites thus work as a flexible bridge to
facilitate the faster electron transfer and enhance the charge den-
sity on the Ni single atom, particularly given that no surface alter-
ations are visible by microscopy (Figure S11, Supporting
Information).*" In the used saNi-nC;N,, XPS analysis exhibits
the single-atom character is well maintained after reuse of the
synthesized material. Herein, the XPS spectrum shows peaks
of Ni 2p3, at 855.70 indicating the retention of Ni*" with com-
plete absence of Ni® (see Figure S$12, Supporting Information).
Moreover, in case of N 1s, binding energy of saNi-nC;N, XPS
analyses exhibited that the pyrrolic N species at 399.58 eV is well
maintained, confirming the Ni—N bond existence.””” Figure S13,
Supporting Information, compares the surface state of saNi-
nC;Ny before and after the reaction via AFM. The micrographs
evidence the presence of a small fraction of organic moieties on
the single-atom sample. The catalyst, in particular, has a rough
film on it of average roughness R,=124nm (Figure S13a,
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Supporting Information). The high-magnification micrograph
displays a detailed topography of the sample, showing that the
catalyst is composed of triangular-like surfaces decorated with
globular objects. The saNi-nC3;N, catalyst is supported on carbon
nitride, whose original topography, shown in Figure S13b,
Supporting Information, is composed of flat flakes with sharp
edges. These flakes adhere to each other, forming a multilayer
material, which is characteristic of carbon nitride materials. It
was evident that the morphology of the saNi-nC3;N, catalyst
slightly changes after reaction (Figure S13c, Supporting
Information), presumably because of the presence of benzenic
deposit material formed during the catalytic cycle. Such deposits,
however, are in larger quantities over nanoNi-nC;N,, nC3N,, and
gC;3N, as these samples are even less selective and give a higher
fraction of organic species (Figure 3). This is confirmed by AFM
analysis of nanoNi-nC;N, (Figure S14, Supporting Information).
Here, the average roughness is higher than in the case of saNi-
nC;Ny. The stacked flat flakes observed in the pristine support,
characteristic of graphite materials, leave space for globular
objects, which are now much more visible and are 20-30 nm
higher in height than in the case of saNi-nC;Ny. The AFM results
prove in an unprecedented manner the surface deposits during
photocatalytic degradation of gemfibrozil; the results also verify
the high selectivity expected over SACs and the lower formation
of benzenic byproducts over these samples, in line with the
catalytic data.

www.solar-rrl.com

Raman spectroscopy confirms the absence of major structural
changes in the samples and provides further insights into the
extent of byproducts. In particular, the full spectra of saNi-
nC;Ny before and after reaction are shown on Figure 4a, and
their deconvoluted spectra before and after reaction (both in
the 1770-1090 cm™' range) are shown in Figure 4b,c, respec-
tively. Raman band analysis is presented instead in the
Supporting Information (Table S5 and S5, Supporting
Information). In both pristine and used SACs, bands correspond-
ing to y(C—C) at ~1145cm™" and y(C=C) at ~1472cm " are
detected.,***l Moreover, two bands at ~1340 and ~1618 cm ™2,
corresponding to disordered graphite (indicated, respectively,
with D and D), and a band at ~1552cm™", corresponding to
graphite of perfect crystalline structure (indicated with G), are
present.>** Because the Ni-based materials are characterized
by a 2D structure with various degrees of condensed graphitic
domains, the higher fraction of C=C and C—C species can be
due to reaction residues.****) The chemical maps of the samples
before and after reaction (Figure 4d and S15, Supporting
Information) show similar distributions of the C—C, D, C=C,
G, and D’ bands across the investigated region. However, the
ratio of the band area of y(C—C) to y(C=C), calculated and
reported in Table S5 and S6, Supporting Information, shows
an increase of C—C bonds over both nanoNi-nC3;N, and saNi-
nC;N,. Based on the reported degradation path of gemfibrozil
(Figure S16, Supporting Information), we can speculate that

a : b = Cumulative Fit Peak Cc = Cumulative Fit Peak
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Figure 4. a) Raman spectra of saNi-nC3N, before (black) and after (red) reaction. Enlargement of the 1700-1090 cm™

Intensig .
Low! High

! region b) before and c) after

reaction, with the cumulative spectrum in red and the deconvoluted bands in other colors. d) Raman maps with the marked region of interest (ROI),
showing the distribution of selected bands of saNi-nC3N, before (first line) and after (second line) reaction. The white scale bar in (d) corresponds to
3 pm. The symbols D and D’ indicate the bands of disordered graphite, and G refers to graphite of perfect crystalline structure.
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these residues are small compounds coming from late-stage
decomposition steps. The complete identification of the type
of contaminants formed is beyond the scope of this contribution,
which focuses on a novel catalytic system with unprecedented
surface properties and catalytic performance, and will be the
focus of follow-up advanced studies.

3. Conclusion

We have studied the preparation, characterization, and photoca-
talytic performance of an earth-abundant heterogeneous catalyst
featuring nanoparticle-based and highly dispersed Ni over nano-
sheets of graphitic carbon nitride. The highly dispersed character
of the sample has been confirmed by spectrometric measure-
ments, showing synergism interfacial carrier—metal transfer
due to the Ni—N environment. By combining advanced charac-
terization tools with kinetic investigations, we have demonstrated
that these newly formed isolated single atoms of Ni facilitate the
electron transfer, increasing the charge density on Ni, and reduc-
ing the photocarrier transfer barrier. This improves the degrada-
tion of gemfibrozil, a model pharmaceutical pollutant found in
wastewater, reducing the formation of toxic benzenic byproducts
during photooxidation. This effect, which is not observed over
conventional nanoparticle-based catalysts, was confirmed by
characterization of the used catalyst via Raman and AFM.
This research work opens new avenues in designing selective
photocatalysts for advanced oxidation processes, showing the
importance of charge transfer to control the surface catalytic
properties of novel engineered nanomaterials.

4. Experimental Section

Synthesis: Dicyandiamide, Millipore water (18 MQcm™'), and
Ni(NO3),-6H,0O were purchased from Sigma-Aldrich and used as such,
without any further purification. The synthesis of gC3N, was performed
using dicyanamide as a source of carbon and nitrogen. In a typical experi-
ment, 10 g of dicyanamide was placed in an alumina crucible and heated in
air at 550°C for 3 h (heating rate of 10°C min~').? The nC;N, nano-
sheets were prepared as reported elsewhere, and a schematic representa-
tion of the process is shown in Figure S1, Supporting Information.!"®!
Briefly, 1 g of gC3N4 was spread in the alumina crucible with good contact
between gC;N, and air, and then heated at 520 °C for 4.5 h using a heating
rate of 2°Cmin~". A pale-yellow powdered material was obtained. The
nanosheets of carbon nitride were used as such as photoactive support
for the dispersion of nickel species. In particular, Ni(NO3),-6H,0 in
(Millipore) water (200mg, 20mL) was added dropwise to nCs3N,4
(500 mg), and the suspension was kept under sonication for 30 min. At
the end of this step, the suspension was left for 12 h at ambient tempera-
ture. Then, 1.5 g of sodium borohydride (NaBH,) was added, and the reac-
tion mixture was stirred for another 12 h at 80 °C, followed by ten runs
(each of 2 min) of rapid microwave heating (LG, power 1000 W; P/No
MEZ66853207). The authenticity of the obtained SAC (herein indicated
as “saNi-nC3N,") was confirmed through in-depth characterization (vide
infra). Nickel nanoparticles over nC3N4 were formulated by conventional
incipient wetness impregnation of nC;N, with an aqueous solution
(10mL) of nickel nitrate Ni(NOs3),-6H,O (200 mg), followed by drying
at 65 °C for 2 h and calcination at 200 °C for 3 h. The latter catalyst is indi-
cated as “nanoNi-nC3N,.” Over both materials, the loading of Ni was con-
firmed by inductively coupled plasma mass spectrometry (ICP-MS) and
resulted to be 8 wt% for both saNi-nC3N4 and nanoNi-nC3N,.

Characterization: Powder X-ray diffraction (XRD) patterns were
collected over an X'Pert PRO MPD diffractometer (PANalytical) in the
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Bragg—Brentano geometry, equipped with an X'Celerator detector
programmable divergence, and diffracted beam antiscatter slits at room
temperature. For the XRD patterns, iron-filtered Co Ka radiation (40kV,
30mA, 1=0.1789 nm) was used. The angular range of measurement
was set as 20 =5°-90°, with a step size of 0.017°. The Ni content in
the fresh and used catalysts was determined by ICP-MS on an Agilent
7700x (Agilent, Japan). A weighted amount of sample from the catalyst
(0.01 mg, Kern ABT 220-5DNM) was digested with nitric acid in a micro-
wave digester. High-resolution transmission electron microscopy
(HRTEM) images were obtained over a Titan G2 60-300 microscope
(FEI), equipped with an X-FEG-type emission gun operating at 300 kV.
High-angle annular dark-field detector (HAADF) scanning transmission
electron microscopy (STEM) analysis was conducted over a Titan G2
60-300 microscope (FEl), equipped with HAADF detector 3000
(Fishione). Elemental mappings were obtained via energy-dispersive spec-
trometry (EDS) performed in STEM mode on the Super-X system, using
four silicon drift detectors (Bruker) and an acquisition time of 20 min. For
all microscopy analyses, the samples were dispersed in a mixture of water:
ethanol (50:50) and sonicated for 10 min. One drop was then placed on a
Cu grid with a holey carbon film and dried in air at room temperature.
Surface investigations based on high-resolution X-ray photoelectron spec-
troscopy (XPS) were performed on the PHI 5000 Versa Probe Il XPS sys-
tem (Physical Electronics) with a monochromatic Al Ka source (15 kV,
50 W) and photon energy of 1486.7 eV. Dual-beam charge compensation
was used for all measurements. All spectra were measured in a vacuum
(1.3 x 1077 Pa) and at a temperature of 21 °C. The analyzed area on each
sample was a spot of 200 pm diameter. The survey spectra were measured
with a pass energy of 187.850 eV and electronvolt step of 0.8 eV, and for
the high-resolution spectra, a pass energy of 23.500 eV and an electronvolt
step of 0.2 eV were used. The spectra were evaluated with the MultiPak
(Ulvac— PHI Inc.) software. All binding energy (BE) values were referenced
to the carbon peak C 1s at 284.80 eV. X-ray absorption spectroscopy (XAS)
at the Ni K edge was recorded at the SuperXAS beamline of the Swiss Light
Source (Paul Scherrer Institut, Villigen, Switzerland). Measurements were
performed ex situ in transmission mode on pellets, and a Ni foil was mea-
sured simultaneously for absolute energy calibration. The quick-EXAFS
(QEXAFS) method was used to collect 100 spectra in 100 s, which were
then merged. Athena of the Demeter software package was used for nor-
malization and background subtraction. The fit of the EXAFS spectra was
performed by using the NiO structure for the path description. The ampli-
tude reduction factor was calculated from EXAFS fits of the Ni reference foil
assuming a coordination number of 12 and amounted to So ;> = 0.95. The
metal content of the fresh and reused catalyst was determined through
atomic absorption spectroscopy (AAS). For the analysis, a weighted
amount of sample from the catalyst (on a 0.01 mg read-out balance,
Kern ABT 220-5DNM) was digested with nitric acid in a microwave digester
followed by dilution with water. Photoluminescence (PL) measurements
were performed on an FLS980 fluorescence spectrometer (Edinburgh
Instruments) equipped with an R928P photomultiplier in a thermoelectri-
cally cooled housing (Hamamatsu Photonics), with a 450 W xenon-arc lamp
as the excitation source for steady-state spectra and an EPL-375 ps pulsed
diode laser (Aem = 372 nm with a pulse width of 66.5 ps, a repetition rate of
20MHz, and an average power of 75 uW; Edinburgh Instruments) in
conjunction with a time-correlated single-photon counting system for
time-resolved measurements. The obtained PL decay curves were fitted
using a three-exponential function (Equation (7))

3 3
I(t) = Z B; exp (— ;), with Z B =1 7)
=1 i i=1

In this expression, 7; represents the decay time constants, and B;
represents the normalized amplitudes of each component. The ampli-
tude-weighted average decay lifetime, 7,,, for the entire fluorescence
decay process was calculated using Equation (8)

7;B;
Tavg = z’Ti'Bi (8)
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Atomic force microscopy (AFM) was performed by suspending the cat-
alyst in ethanol (50 mL with a catalyst concentration of 5 mg mL™") and
drop casting the suspension on a freshly cleaved highly oriented pyrolytic
graphite (HOPG) surface. The sample was dried in an oven at 50 °C for 2 h
until the solvent was evaporated. The dry sample was imaged under ambi-
ent conditions with AFM in the PeakForce quantitative hanomechanical
mapping (PF-QNM) mode using a MultiMode 8 system (Bruker)
equipped with an E scanner. RTESPA probes (Bruker) of the nominal res-
onant frequency of 300 kHz, a nominal spring constant of 40N m ™', and a
nominal tip-end radius of 8 nm were used. All AFM images were processed
and analyzed using NanoScope Analysis of Bruker software. The Raman
data were collected using a confocal Thermo DXR Raman Microscope with
a 50x air objective, and all parameters were optimized to obtain the best
signal-to-noise ratio. The laser had a 532 nm wavelength, its power was
8 mW, and the aperture was set to a 50 pm pinhole, with an exposure time
of 4 s. The number of exposures for one spectrum was 15. All the samples
were measured in the range 100-3400 cm™". The chemical maps were
made with a step size 1.5 pm in x and y directions, resulting in a whole
map region of 15 pm x 15 um. The depth line maps were made with a step
size of 2 um on the x- and z-axis. The whole map area was 10 pm x 20 pm.
The analysis of the spectra (i.e., baseline correction and deconvolution)
was performed using the Origin Pro software (v. 9.1, OriginLab
Corporation, USA) and the Omnic software (v. 8.2, Thermo Fischer
Scientific Inc., USA). All maps were normalized prior to the analysis.

Testing and Kinetic Modeling: The photocatalytic performance of the pre-
pared materials was studied evaluating the degradation of a model con-
taminant in deionized water. Gemfibrozil (10 mg, Sigma-Aldrich, powder,
purity level 100%) was dissolved in deionized water (100 mL), and the
product was sonicated for 10 min for complete solubilization. This concen-
tration was chosen as it represents the typical level detected in domestic
and hospital wastewater effluents, at which gemfibrozil starts to show tox-
icity in animals.®! All experiments were conducted using LED lamps,
working in the visible light region at 400 nm. The aqueous mixture con-
taining the pharmaceutical contaminant and the catalyst (100 mg) was
placed into a round-bottom flask and irradiated using LED lamps placed
along each side of the flask. A stream of air was placed close to the reactor
to avoid undesired heat generation due to the presence of the LED. The
product solutions were analyzed by a high-performance liquid chromato-
graph (Waters 1525 Binary HPLC pump). The stationary phase consisted
of a Purospher Star RP-18 column (250 mm x 4.6 mm, 5 pm). The eluent
phase was a mixture of water and methanol with a gradient concentration
at a flow rate of 1.0 mL min~". HPLC calibration curves using a commer-
cial gemfibrozil analytical standard (Sigma-Aldrich, 100 mg standard,
100%) were derived for quantification purposes. The concentration, con-
version, and selectivity were calculated by the peak area method. Product
solutions were also measured by elemental carbon, hydrogen, and nitro-
gen (CHN) analysis (2400 CHN, Perkin Elmer) to assess the amount of
leftover byproducts coming from incomplete or unselective drug
degradation.

The estimates for the kinetic and thermodynamic constants were
obtained from the pseudo-first-order concentration decay and also via
the Langmuir-Hinshelwood kinetic model. The optimization was con-
ducted using the Isqnonlin optimization algorithm in Matlab, which min-
imizes the weighted least squares (RSS), based on the expression
RSS =3 |(c)f — C[)‘?,."de')/Ac;Xip]z between experimental and calculated
concentration data, ¢;. The differential equation was solved using the
ODE23s solver. After estimation of the optimal parameters, a sensitivity
validation was applied by means of perturbation analysis, based on the
sum-of-square-errors (SSE) formula, SSE=3;(c;T — c*¢)2, which
evaluates the percentage of perturbation against the corresponding value
of the objective function.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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