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ABSTRACT: In this work, we have fabricated an aryl amino-substituted graphitic carbon nitride (g-C3N4) catalyst with
atomically dispersed Mn capable of generating hydrogen peroxide (H202) directly from seawater. This new catalyst exhibited
excellent reactivity, obtaining up to 2230 uM of H202 in 7 h from alkaline water and up to 1800 uM from seawater under
identical conditions. More importantly, the catalyst was quickly recovered for subsequent reuse without appreciable loss in
performance. Interestingly, unlike the usual two-electron oxygen reduction reaction (ORR) pathway, the generation of H202
was through a less common two-electron water oxidation reaction (WOR) process in which both the direct and indirect WOR
processes occurred, namely photoinduced h* directly oxidized H20 to H202 via a one-step 2e- WOR and photoinduced h* first
oxidized a hydroxide (OH-) ion to generate a hydroxy radical (*OH), and H202 was formed indirectly by the combination of
two *OH. We have characterized the material, at the catalytic sites, at the atomic level using electron paramagnetic resonance
(EPR), X-ray absorption near edge structure (XANES), extended X-ray absorption fine structure (EXAFS), high-resolution
transmission electron microscopy (HR-TEM), X-ray photoelectron spectroscopy (XPS), magic-angle spinning (MAS) solid-
state nuclear magnetic resonance (NMR) spectroscopy and multi-scale molecular modeling, combining classical reactive
molecular dynamics (RMD) simulations and quantum chemistry (QC) calculations.

INTRODUCTION
The development of single-atom catalysts (SACs) by

Applying the above methodology for the production of
H202 can be a very efficient strategy that complies with

dispersing metals onto selected supports, such as zeolites,
MOFs, COFs, carbon carriers, oxides and carbon-nitride, has
seen a recent surge in designing efficient heterogeneous
catalysts-. This strategy undoubtedly enhances the use of
isolated dispersed metal atoms, providing more active sites
compared to the corresponding metal clusters and
nanoparticle forms”#®. Practically, it has been proven that,
relative to the use of the basic support materials, SACs can
enhance the catalytic reactivity and selectivity in specific
reactions®13. Furthermore, exploiting the advances in X-ray
absorption near edge structure (XANES)'415, extended X-
ray absorption fine structure (EXAFS) and solid-state
nuclear magnetic resonance (NMR)1¢-19, a complete picture
of the heterogeneous catalytic processes can be provided in
some cases320, While metals such as Fe, Ni, Ru, and Pt have
been extensively investigated as SACs, other 3d transition
metals (from Sc to Mn), have been less explored due to their
lower reactivity, even though they are less toxic and
expensive?1-24,

several environmentally responsible requirements. This is
because H20: has been widely used as a highly efficient
green oxidant in organic industrial synthesis, in pulp and
paper bleaching industries, in sewage treatment, and as a
disinfectant?52¢6. It has been directly utilized to generate
electricity in one-compartment fuel cell?”?8 because it has
an energy density comparable to that of H2 (60 wt% H20:
has an energy density of 3.0 mega joules (M]) 1-1, higher than
compressed Hz gas at 35 MPa, 2.8 M] 1-1) but has more
accessible storage and transportation possibilities.
Therefore, the annual global market share of H:0: is
expected to grow to 5.7 million tons by 2027, creating
overwhelming interest in the sustainable generation of
H20:.

The artificial synthesis of H20: via photocatalytic
oxidative transformation of water has become a highly
promising alternative2%-31, Tremendous efforts have been
made by using different homogeneous photocatalysts?’,
clusters, nanoparticles3?-3¢ and SAC-based materials, where



Sb39 and Pd*° were atomically dispersed on carbon nitrides
and exfoliated graphitic carbon nitrides, respectively.
Furthermore, SACs based on Ni/Cu (where Ni and Cu were
incorporated into polymeric carbon nitride skeleton*!) and
Ir/Pd (where Ir or Pd atoms were anchored on the MOF
nodes3?) were also successfully developed for the
photocatalytic generation of H202. All these SAC-based
photocatalysts followed the two-electron oxygen reduction
reaction (ORR) pathway (Scheme 1: equations 1, 2 and 5),
where the formation of intermediate p-peroxide occurred at
the single atomic sites. In most cases, the presence of
sacrificial proton donors, such as ethanol, 2-propanol, and
benzyl alcohol, was essential to accelerating the separation
of the electron-hole pair for a reactivity improvement. In
contrast, water oxidation reaction (WOR) by SACs, where
photoinduced holes (h*) (1) directly oxidize H20 to H20: via
a one-step 2e- WOR (equation 6) and/or (2) oxidize H20 to
generate hydroxyl radicals (*OH) that are able to recombine
to produce H20: (equations 7-9)3042-44 has been rarely
investigated. It is worth mentioning that 97% of the entire
water on earth is seawater, and only 3% is fresh water. The
presence of various salts in seawater often leads to the
deactivation of the photocatalysts, thus limiting their
practical application*>46 While some signs of progress have
been achieved in electrocatalysis, the photocatalytic
approach is still in its infancy*>47-56, and still no report exists
on SAC-based photocatalysts using seawater to produce
H20:.

Reduction
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Scheme 1. Energy diagram for the photocatalytic Oz reduction
and H20 oxidation to H202, showing the relevant standard
potentials.

Considering all these factors, we focused on developing
an Mn-based SA PhotoCatalyst (SAPC) to generate H:0:
directly from seawater under the irradiation of visible light.
The rationale was that the utilization of Mn is highly
advantageous due to the inherent tailoring of the charge
transfer dynamics by Mn57-5°. In fact, Mn?* ions prolong the
photoluminescence lifetime, which is ideal for the seawater
treatment since the level of salts hastens the electron-hole
charge recombination process, destroying the
photocatalyst. Expediently, Mn has low crystal-field
activation energies for the change of the oxidation state
during the WOR compared to the second- or third-row
transition metal ions and plays significant roles in
enzymatic processes®®. We also argue that the modified
graphitic carbon nitrides should act as a superior host for
this SAPC material where the abundance of active imine
sites (C=N) should facilitate the catalytic reactivity76162,
Moreover, recent studies have also revealed that the
presence of Mn in these systems can increase corrosion
resistance from seawater®. Interestingly, a less common
two-electron WOR process obtained a full catalytic

performance of the proposed Mn-based SAPC. Additionally,
we found that the oxidation state of Mn was +2 with two
distinct types of environments in the catalyst structure: the
six-coordinated moiety and the “edge” environment
functionalized with an aryl amino group. Using SAPC to
enhance both the reduction and oxidation reactions
provides a framework for creating more sophisticated
photocatalytic systems with broad applications.

RESULTS AND DISCUSSION

Photocatalytic H:20: production on Mn-SAPCs:
Atomically dispersed Mn on aryl amino substituted g-C3Na
was obtained by a consecutive impregnation-calcination
process (the detailed procedure is reported in the
Supporting Information). Initially, dicyandiamide (DCDA)
and the co-material, 2-aminobenzonitrile were reacted with
Mn(NO3)24H20. Afterward, the reaction mixture was
pyrolyzed at 550 °C under air to give Mn/AB-CsN4. To
compare the reactivity of Mn/AB-C3Ns with other
structures, Mn-free AB-C3N4 was also synthesized by mixing
DCDA and 2-aminobenzonitrile. And the Mn-doped g-CsN4
catalyst (Mn/g-CsN4) was synthesized by mixing DCDA (as
the precursor for graphitic carbon nitride) and
Mn(NOs3)24H-O0.

After the synthesis of these SAPCs, we assessed the
photocatalytic performance of Mn-SAPCs for H20:
production. In a typical procedure, 0.04 g of Mn/AB-C3N4
catalyst was dispersed in 22 mL of oxygen-saturated
deionized water under continuous stirring. After dark
adsorption for 10 min, the mixture was illuminated with a
Kessil LED lamp (A = 427 nm) under ~8000 lux photon flux
density (light intensity 196 mW/cm?), and the reaction
temperature was maintained at 10°C using a cooling water
bath system. The suspension was sampled, filtered, and
analyzed at regular intervals. The concentration of H202 was
determined by using the redox KMnO: titration method
(Supporting Information S1.4).

When acid was used as a sacrificial proton donor or under
neutral conditions, either under dioxygen or under air, only
a negligible amount of H202 was detected (Figure 1a). In
contrast, the reaction provided a higher yield in an alkaline
medium (0.55 M NaOH) under both dioxygen and air
(Figure 1a). Given these indications, after testing other
metal hydroxide additives such as LiOH, NaOH, KOH and
CsOH (Figure 1b), we found that the optimized conditions
were achieved when the reaction was carried out using a
0.55 M KOH solution in both dioxygen and air. Among them,
a reasonable H202 concentration of 3250 uM (Figure 1b)
was obtained in dioxygen by using KOH after 7 h, which is
ca. 4.7 times higher than using NaOH (690 puM) and 7.6 times
higher than using LiOH (430 uM). Considering the
dissociation abilities of these alkali metal hydroxides in
water (LiOH: pKp = 0.18, NaOH: pKy = -0.56, KOH: pKy» = -1.1,
and CsOH: pK» = -1.76), we can deduce that the higher the
degree of dissociation, the more the base can promote the
reaction. However, the generation of H202 from CsOH was
lower than KOH, although the higher pKs value of the former
indicated a possible involvement of the cation in the process
of H202 generation. To disclose the influence of the pH on
the Mn/AB-C3N4-catalysed H20: photoproduction reaction,
different concentrations of KOH (0.045 M, 0.14 M, 0.27 M,
and 0.55 M, and 0.82 M) were individually tested in
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Figure 1. (a) Photocatalytic H202 production using the Mn/AB-C3sN4 catalyst under different pH medium. Conditions: Mn/AB-C3N4
photocatalyst (1.8 g/L),) and base or acid (0.55 M) in deionized water (22 mL); (b) Photocatalytic H202 production using Mn/AB-
C3N4 catalyst with various alkali metal hydroxide. Conditions: Mn/AB-C3N4 photocatalyst (1.8 g/L) and alkali metal hydroxide (0.55
M) in deionized water (22 mL). (c) Photocatalytic H202 production using the Mn/AB-C3sN4 catalyst with different concentrations of
KOH. Conditions: Mn/AB-C3N4 photocatalyst (1.8 g/L) in deionised water (22 mL); (d) Photocatalytic H202 production using the
Mn/AB-C3N4 catalyst under different reaction atmospheres. Conditions: Mn/AB-C3Ns photocatalyst (1.8 g/L) and KOH (0.55 M) in

deionized water (22 mL). Triplicates with <1% error.

deionized water: a steady increase in H20: production for
values of KOH concentration up to 0.27 M was observed
(Figure 1c). Regarding the dependance on atmospheric
conditions of photocatalytic H202 production in deionized
water using the Mn/AB-C3N4, no significant difference was
observed between oxygen and open-air systems, although
the content of H202 obtained by the reaction under oxygen
was higher. This suggested an efficient
adsorption-desorption process of the 0z molecules on the
surface of the Mn/AB-C3N: catalyst and that oxygen
reduction might not be the rate-determining step, as the
catalyst generated almost the same amount of H202 under
air and oxygen atmosphere. Control experiments revealed
that Mn/AB-C3N4 exhibited a significantly lower reactivity
under a nitrogen atmosphere, strongly indicating that Oz is
essential in this reaction system (Figure 1d). No reactivity
was observed without the catalyst or light under identical
conditions, which meant that catalyst and light were both
essential.

Considering different catalyst compositions, it was found
that the Mn/AB-C3N4 variant yielded the highest amount of
H:0:2 in the presence of 0.55 M KOH (Figure 2b). Notably,
we further investigated the H20: production efficiency in
seawater to demonstrate the potential of large-scale
application. Although the high concentrations of ions and
organic components present in seawater tend to severely
hamper the photocatalytic performance of the
photocatalyst by impeding their intrinsic structure and
electron transport capabilities*?, in our standalone reaction
in seawater collected from the North Sea, a H:20:
concentration of 2250 uM was obtained after seven hours
under an Oz atmosphere (Figure 2c). Moreover, the time-
dependent H202 formation experiments were performed in
both deionized water and seawater using the Mn/AB-C3Ny,
and from there, it was clear that the yield of H202 almost
linearly increased for the first seven hours (Figure 2d).
Most importantly, the H20: concentration continued to
grow even after 48 h in pure water and seawater, which
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Figure 2. (a) Photocatalytic H202 production using the Mn/AB-C3N4 catalyst under different pH. Conditions: 1.8 g/L Mn/AB-C3N4
catalyst in deionized water (22 mL) under Oz; (b) Photocatalytic H202 production using other modified g-C3N4 catalysts. Conditions:
1.8 g/L catalystand 0.55 M KOH in deionized water (22 mL). (c) Comparison between deionized water and seawater under different
reaction atmospheres. (d) Kinetic experiment of photocatalytic H202 production in deionized water and seawater. Sampling (1 mL)
was done at every time using the Mn/AB-C3N4 catalyst. Triplicates with <1% error.

showed the high durability of the Mn/AB-CsN4
photocatalyst (Figure 2d). This result suggested that this
catalyst had very high stability in salty environments, which
should bring enormous potential for seawater utilization
for the sustainable generation of H202. We subsequently
investigated the recyclability of the catalyst Mn/AB-C3N4
under optimized conditions. In fact, the catalyst was used 5
times consecutively with minor variations in reactivity in
pure water and seawater, indicating the high stability of
Mn/AB-C3N4 (Figure S3).

Characterization of Mn-SAPCs. We carefully
investigated the structural characteristics of the as-
synthesized catalysts to understand the excellent
photocatalytic performance of Mn-SAPCs for H20:
production using various techniques. First, Mn/AB-C3N4
was characterized by low-magnification energy-dispersive
X-ray spectroscopy (STEM-EDS) mapping before its
application in the reaction. The EDS elemental maps shown
in Figure 3 confirmed that Mn was uniformly dispersed

over the C3N4 support (see supporting Information, Figure
S$4). We quantified the Mn loading from various regions
over the sample, and we found 0.07-1 atom%. Finally, to
confirm the successful formation of single atomic metallic
sites, we used high-resolution high-angle annular dark-field
transmission electron microscope (HAADF-STEM) imaging
to distinguish the heavier metallic element (Mn) over the
support. The high-resolution HAADF-STEM image in Figure
3b shows high contrast for specific sites, indicating Mn
atomic sites possibly randomly distributed on the C3Na
support. Some of the sites are highlighted with red circles to
guide the reader’s eye to such high contrast features. It is to
be noted that along with single-atomic sites, the presence of
Mn clusters is also possible. It is difficult to distinguish
clusters from single-atom sites in some specific areas of the
substrate due to difference in thickness and overlapping of
contrast from the same. Similar results were also obtained
for the catalysts after the photocatalytic reaction (Figure
3c-d), confirming their stability once again.



Figure 3. Before reaction: (a) Low-magnification STEM-EDS elemental maps showing the presence of Mn, C, and N on the catalyst
(scale bar: 500 nm). (b) HAADF-STEM image of atomic-scale Mn sites dispersed on C3N4 support (before reaction) and FFT in the
inset showing an absence of periodicity in the dispersion of atoms (scale bar: 2 nm). After reaction: (c) Low-magnification STEM-
EDS elemental maps showing the presence of Mn, C, and N on the catalyst (scale bar: 1um) and d) HAADF-STEM image showing
atomic-scale sites on Mn dispersed on C3N4 (after reaction, scale bar: 2 nm).

XPS analysis provided further insight into the surface
composition of Mn/AB-C3Ns (Figure S$6). Before the
photoreaction, the main component of the surface of the
photocatalyst was the g-C3Ns4 phase. Its presence was
manifested in both the N 1s and C 1s regions. For the C 1s
region, a dominant peak at 288.1 eV, assigned to sp?-bonded
carbon (N-C=N), was observed. Adventitious carbon
species present on the surface provided only a trace peak at
284.8 eV. In turn, in the N 1s region, photoemission
corresponding to nitrogen atoms in three different
environments - sp?-hybridized N in C-N=C (398.6 eV),
bridging N atoms N-(C)3 (400.1 eV) and N in amino groups
(401.2 eV) - was registered®+5. It is worth noting that the
composition of the surface practically did not change after
the reaction. Additionally, the lack of visible features in the
Mn 2p XPS spectrum indicated a very high degree of metal
dispersion, which was not disturbed during the process.
These results confirm the high reusability of the Mn/AB-
C3N4 catalyst.

To probe the local structure and examine potential
structural changes in the AB-C3Ns4 upon doping with
manganese ions, magic-angle spinning (MAS) NMR spectra
from all NMR-active nuclei in the material (*H, 13C, and !°N)
were collected. The corresponding 'H MAS, 13C, and °N
cross-polarization (CPMAS) NMR spectra of the AB-C3Na
sample as well as its Mn-doped counterpart (Mn/AB-C3N4)
are shown in Figure 4a-c. The 3C and N spectra of
samples AB-C3N4 and Mn/AB-C3N4 are identical. Hence, we
concluded that the presence of dopant ions did not
significantly alter the material's structure. However, we
observed a decrease in 'H signal intensity for the Mn/AB-
CsNs sample compared to AB-C3Nai. This effect can be
attributed to paramagnetic relaxation enhancement for 'H
nuclei in close contact with the Mn?* ions, or partial
deprotonation of the >NH and -NH: moieties upon Mn
doping. The extent of this effect was slightly greater for the
-NH: groups (relatively more pronounced 'H signal loss). In
general, the respective spectra of AB-C3sN4 and Mn/AB-C3N4
materials closely resemble NMR data collected from the



related polymeric carbon nitride catalysts reported by
some of us recently®¢7. Therefore, we could conclude that
the overall structure and polymerization of these materials
are very similar. Figure 4d-e show the room temperature
W-band (~95 GHz) and X-band (~9.5 GHz) continuous-
wave (cw) EPR spectra of Mn/AB-CsNg, respectively. The X-
and W-band EPR spectrum was simulated using three
components: Mn', Mn", and gCN (Table S2). In the W-band
EPR spectrum, Mn', is a typical 6-line powder spectrum
arising from the central -1/2—+1/2 transitions of an
isolated mono-nuclear high-spin (S=5/2) Mn?* center; its
55Mn (S§=5/2) hyperfine coupling (5*Mn Ais) is 258 MHz,
which is consistent with an Mn?* center coordinated to
nitrogen donor ligands®¥-70. Mn" is a second isolated mono-
nuclear high-spin Mn?* center with 5°Mn Aiss = 240 MHz
(also consistent with nitrogen ligation), while gCN is a
S=1/2 EPR signal arising from the graphitic carbon
nitride”!. The difference in line widths of the Mn' and Mn"
signals was simulated by giving Mn' smaller zero-field
splitting (ZFS) parameters (D and E) than Mn". The spectral
influences of the ZFS interaction are more pronounced at
lower microwave frequencies and can be seen in the full X-
band spectrum (see Figure 4e, comparison between
simulated spectra in green and blue). Both X- and W-band
EPR spectra were successfully simulated using identical
EPR parameters for the three components. There was no
need to assume the presence of dimers or multimers with
exchange coupling and/or strong dipolar coupling between
the Mn(II) sites. Small dipolar interactions due to
neighboring Mn(II) sites with an inter-nuclear distance
larger than 2 nm will not be visible in cw EPR and may thus
occur.
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the catalyst and the calculated 55Mn hyperfine coupling
constants.

To provide further interpretation of the Mn' and Mn"
components (Figure 4d-e), we created simplified models of
possible environments surrounding the Mn?* ions in the
Mn/AB-CsN4 catalyst and energy-optimized them at the DFT
level (with the PBE0-D4 xc-functional, Grimme D4
correction, and the def2-TZVP basis set for Mn and def2-SVP
for H,C,N,0, see Figure 4f. The 5°Mn Ais» was subsequently
calculated for each model at the coupled cluster level of
theory with the DLPNO-CCSD approach?273 and the aug-cc-
pVTZ-] basis set for Mn and EPR-II for H,C,N,0 (Table S3).
With the predicted 5°Mn Aiso values, we could correlate the
Mn' and Mn" components to two distinct types of
environments around the Mn?* ions present in the catalyst
structure: the six-coordinated moiety represented by
Models I/1I with calculated 5°Mn Aiso = =229 MHz, and the
“edge” environment characterized by Model IV with
calculated 5°Mn Aiso = =258 MHz. The sign of the coupling
constant cannot be determined from the experimental data.
These models were extended (Figure 7a) to estimate
distances between the two Mn?* cations and the
neighbouring N atoms at the edges of the triazine rings and
possible reaction mechanisms.

The presence of isolated Mn single atoms active sites was
confirmed further by analyzing the Mn/AB-C3Ns+ sample
through X-ray adsorption near-edge structure (XANES) and
extended x-ray absorption fine structure (EXAFS)
experiments at the Mn K-edge, which are a clear fingerprint
of the valence state and neighbouring environment of the
Mn atoms in the support matrix, respectively. Figure 5a
compares the Mn K-edge XANES spectra of the
photocatalyst with the reference spectra of MnO, Mn203,and
MnO:, showing that Mn/AB-C3N4 is mainly constituted of
Mn (II) sites. Figure 5b shows the Fourier transform (FT)
of the EXAFS data for the Mn/AB-C3Ns system, in
comparison with the different Mn references. FT shows a
single peak at 1.72 A (without phase correction)
corresponding to the first coordination shell, Mn-O/Mn-N7#-
76, The absence of a second peak at a greater distance (R)
constitutes further evidence of the isolated nature of the
Mn?* sites (M-SACs). These findings are in perfect
agreement with HAADF-STEM results described above.
Figure 5c-d show the comparison between the Fourier
transform (FT) of the experimental spectra (empty circles)
and the best-fit simulations (colored lines) for the
synthesized material. The starting model to fit the data was
constructed using the model obtained in Figure 4f. The
coordination numbers, bond lengths, Debye-Waller factors
(0?) and the energy shift parameter (AEo) were refined. The
best-fit parameters are summarized in Table S4. The first
shell best-fit results show that each Mn atom is coordinated
with 4.6 N/O atoms on average and can be fitted well with
the optimized DFT model and RMD simulation results.

Photovoltaic properties of Mn-SAPCs and
photocatalytic mechanism: The optical properties and the
band diagram of Mn-SAPCs were also investigated. In the
beginning, the electronic band structures were determined
by UV-vis DRS spectroscopy combined with Mott-Schottky



measurements. The UV-DRS Tauc plot revealed that all four
photocatalysts exhibited adequate bandgap in the visible
light region (Figure 6a): g-CsN4 2.68 eV, Mn/g-C3N4 2.61 eV,
AB-C3N4 2.56 eV, and Mn/AB-C3N4 2.60 eV. Therefore, it was
confirmed that the insertion of aryl amino groups lowers
the material band gap, enhancing the absorption of visible
light from the environment®®. Mott-Schottky measurements
showed the flat-band potentials positions (En) of the g-C3N4
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Figure 5. Normalized Mn K-edge XANES spectra (a) and
Fourier Transform of the k3-weighted EXAFS (b) for Mn/AB-
C3Ns4 photocatalyst, MnO, Mn203, MnOz, and Mn foil. Data
(empty circles) and fits (red lines) of the magnitude of FT signal
(c) and the k3-weighted EXAFS signals in k-space (d).

variant (Figure 6b), and the positive slope indicated the n-
type nature of these semiconductors. The bottom potential
of the conduction band (CB) for an n-type semiconductor is
generally considered to be approximately 0.2 V more
negative than the En. So, g-C3N4 had the highest CB position
atca.-1.0 V (vs. NHE), followed by Mn/g-C3N4 at ca. -0.88 V
(vs.NHE), AB-C3Ns at ca.-0.70 V (vs. NHE) and Mn/AB-C3N4
with ca. -0.70 V (vs. NHE) (Figure 6b-c). The valence band
maximum (VBM) energy (Evs) of g-CsNs4 variants were
therefore calculated from Ecs + Eg and located at ca. 1.68 V
(vs. NHE) for g-C3Ns, followed by Mn/g-CsN4 at ca. 1.73 V
(vs. NHE), AB-C3N4 at ca. 1.86 V (vs. NHE) and Mn/AB-C3N4
with ca. 1.90 V (vs. NHE), respectively (Figure 6c). These
results suggested that all these photocatalysts should
participate both in the indirect and direct 2e- oxygen
reduction reactions (ORR) to generate H202 as the reduction
potentials of O: is less negative than the CB of the
photocatalysts as shown in equations 1, 2, and 5. On the
other hand, the valence band energy (VB) of unmodified g-
C3N4 is not sufficiently positive to enable *OH/H20 (2.73 V
vs NHE) and *OH/OH- (1.99 V vs NHE) oxidation reactions.
Indeed h+ in the VB of g-C3N4 rarely participated in the
direct oxidation of H20 or OH- to generate *OH”’”. However,
the VB of AB-C3Ns and Mn/AB-C3N4 are more positive and
within the potential range of H20 (direct 2e- WOR to H202,
equation 6) and OH- (the oxidation of OH- to *OH, equation
7) oxidation reactions. The PL life-time profiles of all the
samples were recorded by time-correlated photon counting
(TCSPC) spectroscopy and fitted using a fourth-exponential
decay equation (Figure 6d). The PL decays of g-C3N4, and SA

Mn/g-CsN4 were measured at an excitation wavelength of
500 nm and those of AB-C3N4 and SA Mn/AB-C3N4 at 510
nm. The average PL life-times are 11.10 + 0.12 ns and 5.17
+ 0.07 ns for g-C3Ns and SA Mn/g-C3Ns, respectively, and
13.37 + 0.30 ns and 4.97 + 1.00 ns for AB-C3N4 and SA
Mn/AB-CsN4 respectively. After substitution with Mn, the
average life-times decreased by more than half, mainly due
to a suppression of the long-lifetime recombination, as seen
in the fitting parameters in Table S5. Also, there is a
significant increase in the amplitude of the fast
recombination component, suggesting that predominantly
very fast radiative recombination could occur after Mn-
substitution. These results confirm the more efficient
separation of the photogenerated electron-hole pairs
promoted by the (incorporated) Mn.

We simulated the electronic and optical properties of the
investigated materials and possible reaction mechanisms in
working conditions through representative atomistic
models that included the experimental observations
resorting, first, to RMD and then to QC. We modeled the
photocatalyst support as a disordered arrangement of C3Na
flakes (either undoped or casually doped with aryl amino
groups®, surrounded by water molecules. Then, we
populated it with Mn?* cations in both high (as suggested by
Models I-II from Figure 4f) and low coordination sites (as
indicated by Models III-1V from Figure 4f). The most typical
configurations sampled during the RMD were extracted,
size-reduced, and re-optimized through DFT calculations
(HSEO06 XC-functional and the 6-31G(d,p) basis set). The
computational details of this multi-scale approach are
reported in the SI (§5.1-S5.5).

() a (b) *T—en.

—e— M/g-CsN,
35] ——ABCN,
—=—M/AB-C,N,

Absorbance (a.u.)

204 0 A el
——g-CN, 15
——Mn/g-C,N, 10
——AB-CN, 080V
Mn/AB-C,N, 05 o
™ T T T T 00 S
300 400 500 600 700 800 -14 -12 1.0 -08 -06 -04 -02 00 02 04 06 08 1.0
Wavelength (nm) Potential (V) vs. NHE
(€).is (d) 10ty
Mnig-C,N, ® gCN
.4 Mn/AB-C,N, @ SAMn/g-CN
-1.04 -0.88 3 |
— = 0.7 0.7 | ® ABLN

¢ SAMn/AB-CN

3 | !
10°7 Salid line- Fitting

PL counts

Potential V (vs. NHE)
5 .
by

g e R ps e
2

AB-CN, 0 20 40 60 80
Time (ns)

Figure 6. (a) UV-vis absorption spectra and (inset)
corresponding UV Vis-DRS Tauc plots of bulk g-C3Ns and
variants. (b) Mott-Schottky plots of bulk g-C3N4 and variants
revealing their flat-band potential value collected at 1 kHz
frequency versus NHE (Normal Hydrogen Electrode). (c)
Electronic band positions of the g-C3N4 and variants obtained
from the UV-DRS and Mott-Schottky measurements. (d) PL life-
time spectra of the powders of g-C3N4, SA Mn/g-C3N4, AB-C3Ny,
and SA Mn/AB-C3Na. The solid line shows the respective fitting
of the decay profiles.

The remarkable structural diversity of the derived
models strongly influences the local HOMO-LUMO energy
difference’®7%, which hardly can be correlated to the



experimental band gap of the material. For example, the two
structures depicted in Figure 7a, which mimic the Mn/AB-
C3Ns system and are made of four triazine rings
functionalized with an aryl amino ring (whose morphology
has been appropriately designed to carry both a high- and a
low-coordination site for metal absorption), present a
HOMO-LUMO difference of 2.43 eV and 2.99/3.17 eV,
respectively (majority and minority bands of the second
system have a different HOMO-LUMO gap due to the
interaction between magnetic Mn?* and the HOMO state, see
DOS in Figure 7a). The RMD simulations highlighted the
tendency of preserving, around the metal cations, an almost
octahedral environment fluctuating in time. This consisted
ofa combination of N atoms at the edges of the triazine rings
(exerting a strong chelating action”8%81 and whose number
oscillates, in time, between 2 and 4) and water molecules
(whose number also oscillates in time between 2 and 4).
The two structures of Figure 7a represent two distinct
families, the former characterized by the Mn?* trapped in a
high-coordination site of the g-C3N4 matrix, the latter by the
Mn?+ trapped in a low-coordination site, in close contact
with the aryl amino group. In this latter configuration, the
distance between Mn?* and one N atom at the edge of the
triazine ring is approximately 2.45 A. This elongated value
agrees with the average metal coordination found by
EXAFS, which is slightly reduced relative to the ideal value
of six. In agreement with the results shown in Figure 6a, the
simulated excitation of the bare g-C3N: and AB-C3N:
systems, see Figure 7b, confirmed the decisive role played
by the aryl amino group in enhancing visible light
absorption in the desired region, in line with literature
results about the strong dependence of the optical response
of carbon nitride-based systems on structural
modification/functionalization®283. The 474 nm HOMO-
LUMO strong transition, which dominates the visible part of
the simulated spectrum of the AB-C3N4 system, is very close
to the wavelength of the used LED lamp (427 nm) and
clearly shows an electron jump from the aryl amino group
(where the HOMO is strongly localized) to the nearest
triazine ring (where the LUMO is mainly delocalized’®). The
nature of such an excitation indicates that photo-excited
electrons (and corresponding holes) are localized in the
neighborhood of the aryl amino group and that the nearby
metal cation sites should be considered when simulating
the ORR and WOR reaction mechanisms. Further details
about the response properties of both g-C3N4 and AB-C3N4
systems are reported in the SI (S5.2).

The kinetics of the charge transfer processes of the
Mn/AB-C3N4 catalysts were studied using electrochemical
impedance spectroscopy (EIS). As shown in Figure S9, the
smaller arc radius of the impedance spectrum indicated
smaller charge transfer resistance (Rcr) and better electron-
hole separation efficiency. Compared to commercial g-C3Ny,
the introduction of aryl amino groups in g-CsNs improves
the separation of electron-hole pairs, as indicated by the
smaller arc radius. (Figure S9a). The Mn/AB-CsN4 with the
smallest curve radius showed that the atomically dispersed
Mn further promoted the separation of e--h* pairs.
Additionally, the impedance spectra of the electrodes with
Mn/AB-C3Ns catalyst were compared in Oz and N2
atmosphere under light illumination or in the dark (Figure
S9b). The Mn/AB-C3N4 catalyst in Oz-saturated conditions

exhibited a smaller curve size than in N:-saturated
conditions, both under illumination (A =427 nm) and in the
dark, which indicated that Oz as an electron acceptor,
facilitated the charge separation and prevented the
recombination of the photoinduced charges and holes, by
consuming the photogenerated electrons at the surface of
the photocatalyst. This result was further supplemented by
the cyclic voltammetry and the linear sweep voltammetry
studies (Figures S10-S11). These studies showed that the
half-wave potential and onset potential values of Mn/AB-
CsN4 and AB-C3Ns were higher and more positive than the
pristine g-C3Ns, indicating a higher oxygen reduction
capability.
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Figure 7. (a) Atomistic structural models and Density Of States
(DOS) of two systems optimized at the DFT level, where Mn2+
is in a high-coordination site (above) and in a low-coordination
site (below); (b) TDDFT spectra of g-C3N4 (thick black line) and
AB-C3N4 (thin blue line) with a specification of the molecular
orbitals involved in the main transitions indicated by the
arrows.

After the complete structure characterizations and
photovoltaic properties investigation of the Mn-AB C3Na
catalyst, we performed 1802 labeling and H2'80 labeling
experiments to identify the oxygen source of the formed
H202. For each labeling experiment, triphenylphosphine
(PPh3) was added to the generated H20: to provide
triphenylphosphine oxide (PPh30), which GC-MS analyzed.
As shown in Figure S12a, when 80; was used with
H21'60/1°0H- in the optimized reaction conditions, only
PPh3160 was observed. In contrast, when 1602 was used with
H,16/18Q /16/180H- (generated in situ by the addition of K¢OH
to H2180), a mixture of PPh3!80 and PPh3!¢0 was observed
in Figure S12b. Together, the labeling experiments
demonstrated that the oxygen source of the formed H20:
was from H20/KOH in the liquid phase instead of dioxygen.
Therefore, h* from Mn/AB-CsNs+ VB promoted H:02
production in two ways: 1) one-step 2e- WOR process via
oxidation of H20 to H202; 2) indirect 2e- WOR processes for
the generation of *OH from OH- by h*, which further
combined to generate H20:.



Spin-trapping EPR measurements with 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) as a spin-trapping reagent were
also performed with illumination from a 447 nm laser
source (Figure S13) to investigate the reaction mechanism
further. In the dark, samples containing AB-C3N4 or Mn/AB-
C3Ns in Oz-saturated aqueous mixtures at pH 7.0, 10.7 or
13.2 (using KOH) with 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) only provided some weak signals. Upon
illumination, a multi-line spectrum was observed for each
sample at pH 7.0 and 10.7, which was simulated using 4
components (R1, R2, R3 and R4 [Table S6]). R1 is a 12-line
signal and R2 is a 4-line signal with EPR parameters
consistent with those of the protonated spin-trapped
adduct of 0z~ (DMPO-OOH) and °*OH (DMPO-OH),
respectively. R3, which had an An/Au ratio of 0.67 was
assigned to a DMPO-trapped carbon-centered radical in
aqueous media®, while R4 was a nitroso decay product. In
contrast, analogous experiments at pH 13.2 provided only a
broad singlet (R5) for AB-CsNs which was assigned to the
radical present in g-C3N4 (Table S6); while for Mn/AB-C3N4
a multi-line spectrum was observed which was simulated
using R5 and three new components (R6, R7 and R8 [Table
$6]). The 4-line R6 signal was assigned to the DMPO-0O-
adduct, while R7 and R8 were assigned as DMPO-trapped
carbon-centered radicals in aqueous media based on their
An/Awu ratios (0.69 and 0.64, respectively). A significant
trend could be found in Table S7: in the presence of the Mn
sites, the [DMPO-0O0H]/[DMPO-0(H)] ratio decreased as pH
increased. Assuming the production of *OH from WOR is
constant, the trend indicated that the production of O2*-
(HO2) decreased as pH increased.
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Figure 8. (a) on-top view, side view, and (b) spin-density iso-
surface corresponding to Oz adsorption mode on the Mn2+
center in low-coordination site, in contact with an aryl amino
group, of the Mn/AB-C3N4 system; (c-d) same as (a-b) when an
extra-electron is added to the system. Color codes: N blue, C
grey, H white, O red, and Mn violet.

Computational chemistry was also used to investigate the
possible reaction pathways. In the case of operating
conditions, we added Oz molecules and (OH)- ions (alkaline
medium) to the water solution. The results of RMD
confirmed the tendency of protonation/deprotonation of
the NHz moieties, the hydration of the Mn?* ions by a
combination of water and (OH)- species, their limited
motion in the entrapment locations (due to N-chelation),
and their ability to attract Oz. Most specifically, we observed
a tendency of O: to be localized at the edges of the C3N4
flakes. Such a phenomenon was examined at the DFT level

by considering the interaction between 0: and the Mn?*
located in the low-coordination site according to the models
displayed in Figure 7a. The resulting configurations are
depicted in Figure 8a-d, where we can observe that an O:
species have replaced one water molecule. As shown in
Figure 8a, without any external perturbation, the
interaction of Oz with Mn?* was relatively weak because of
the rather long separation between the nearest oxygen and
the metal center, which was 3.4 A against typical Owater-Mn?*
and N-Mn2?+ distances in the 2.1-2.3 A range. Furthermore,
the Mulliken analysis of the charge distribution® confirmed
the neutrality of the adsorbed Oz, where the 0-0 separation
was approximately 1.2 A, which is the typical gas phase
equilibrium bond distance. In fact, the global spin state of
such a structure had a spin multiplicity of 8, resulting from
the sum of the d® configuration of the photocatalyst and the
triplet state of the oxygen molecule, as confirmed by the
spin-density iso-surface shown in Figure 8b. This picture
suggests a limited interaction between the oxygen molecule
and the catalyst when no external perturbation is applied
and a Mn?* coordination sphere is saturated by water
molecules only. Regarding photoexcitation, we reoptimized
the structures with an extra electron, finding a quite
different scenario. Given the localization of photo-excited
electrons in the neighborhood of the aryl amino group (see
Figure 7b), a mechanism of electron hopping from the
substrate to the adsorbed Oz molecule is strongly
supported. The configuration of Figure 8a evolved to that
of Figure 8c, showing an adsorbed 02 molecule interacting
strongly with the metal cation (O-Mn distance reduced to
about 2.0 A), in a local doublet spin-state, with an elongated
interatomic 0-0 length of about 1.3 A, and negative charge,
indicating the formation of superoxide species. Such an
effect translated into a lowering of the total spin of the
system to 5, with a partial electron coupling between the
Mn?* center and the adsorbed O: (see spin density iso-
surface reported in Figure 8d). The deprotonation of the
NH:z moieties upon Mn?* addition observed in NMR was also
investigated by the calculations and the discussion is
reported in the SI (S5.3).

Moving to the formation of H202, we primarily focused on
the high-coordination site model displayed in Figure 7b,
which was the nearest site to the photoexcitation process
not involved in the interaction with O2. We noticed that the
coordination environment of Mn?* could be populated by a
mixture of water molecules and (OH);, which was
reasonably justified by the Coulombic attraction between
hydroxyl and metal cations. The local environment of the
catalytic site was confirmed by the results of the RMD of a
more complex landscape, made of a multilayer C3N4 support
in a richer water solution containing multiple ions (see
§5.7). The resulting landscape indicated a possible
activation of both the indirect 2e- and the direct 2e-
channels of the WOR (equations 6-9). Regarding the
indirect 2e- path (equations 7-9), the starting
configuration is shown in Figure 9a. After optimizing the
related H202 product (see Figure 9b), we investigated both
the ground state (absence of photoexcitation) and a
modified model where two h* were inserted to simulate the
photoexcitation. In both cases, the two water molecules
were a spectator of the reactive process.
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Figure 9. Structures of (a) 2(OH)- + 2H20 (b) 2H20 + H202; (c) 4H20 and (d) 2H20 + H202 +2H* adsorbed on the high-coordinated
Mn2+ of the Mn/AB-C3N4 support. Energy schemes of the both indirect 2e- and direct 2e- paths are shown with a blue background
without photoexcitation and with a yellow background when photoexcitation is on. In both cases the structure of the saddle points
is displayed within the energy schemes. Color codes: N blue, C grey, H white, O red and Mn violet.

Without photoexcitation, H202 had a higher energy (47.7
kcal/mol) than the separated OH-. Thus, the formation of the
observed product in these conditions was strongly
discouraged. On the contrary, after adding two h* to the
system, H20; had a lower energy than in the case above
(17.1 kcal/mol higher than the reagents) with an energy
barrier (saddle point between separated (OH)- and H202) of
about 27.2 kcal/mol. The structure of the saddle point
(shown in Figure 9) is characterized by a reduced distance
(by about 0.35 A) and a smaller angle (by about 17°)
between the two (OH)- oxygens (the final distance in H20:
product is 1.43 A). The visualized reaction coordinate
confirmed that it corresponded to the stretching of the 0-0
connection. The same mechanism was also simulated for
the low-coordination metal site, finding a similar energy
scenario (see SI, S5.4). This indicates that both
environments can activate the indirect channel upon

photoexcitation. In the direct 2e- path, among the four
water molecules bound to the metal cation (starting
configuration in Figure 9c), two of them were spectators,
whereas one water molecule spontaneously released one
hydrogen to the edge of a neighboring triazine ring. In
general, the addition of holes facilitates the migration of H
atoms to the nitrogen atoms at the edges of the triazine
rings. In the direct path one water molecule released a
hydrogen to the edges of the triazine rings and the resulting
(OH) species reacted to give the expected H20: product, see
Figure 9d. Without photoexcitation, products were less
stable than reactants by 125.4 kcal/mol: this high energy
difference could be symptomatic of the exigence of a charge
stabilization of the products. In our model, such
stabilization came from the addition of two h* which
decreased the energy difference between products and
reagents to 24.9 kcal/mol (and between saddle point and



reagents to 25.6 kcal/mol) by oxidizing the two hydrogen
atoms in the products to protons adsorbed at the electron-
rich edges of the triazine rings, as shown in Figure 9d.
Analogously to the indirect path, also in this case the saddle
point is characterized by a reduced distance between the
two OH species by about 0.18 A and a reduced angle by
about 22°. Reasonably, the protons resulting from the
reaction can be easily removed in alkaline conditions by
restoring the catalyst to its native state. All the structured
shown in Figure 8 and Figure 9 are available as
Supporting Material.

In agreement with the experimental evidence, these data
suggest that the on-set of the photoexcitation process
determines the stabilization of the observed product (H202)
via the activation of both indirect 2Ze- and direct 2e-
channels of the WOR. The generation of H202 from Mn/AB-
CsNswas unreactive in neutral and acidic environments but
had excellent reactivity in an alkaline medium. The
proposed mechanisms clearly show that OH- ions play a
crucial role, direct in the indirect path as primary actors of
the WOR, and indirect in the direct path, by neutralizing the
products of the WOR (hence promoting the further
formation of H202).

To summarize, we can draw the following overall
reaction pathway. Under visible light (A = 427 nm), the
Mn/AB-C3N4 catalyst quickly absorbs the photon energy to
generate the electron-hole pairs, facilitating multiple
parallel reactions on its surface. Water oxidation is enabled
by the photogenerated holes from the valence band of
Mn/AB-C3Ns, where both direct 2e- WOR and indirect 2e-
WOR occurred: (1) photoinduced h* directly oxidize H20 to
H20:2 via the one-step 2e- WOR process (equation 6); (2) h*
first oxidizes hydroxide ion (OH-) to generate a hydroxyl
radical (*OH) (equation 7), and then produces hydrogen
peroxide indirectly by the recombination of two hydroxyl
radical (equation 9). The existence of an electron accepter
of Oz is to immediately consume electrons to promote the
separation of photogenerated electron-hole pairs and to
prevent photo corrosion of the photocatalyst. Under
working conditions (pH 13), our investigation using EPR
spin-trapping revealed no detection of superoxide, and 1802
experiments showed no presence of H2'802. Additionally,
our DFT studies showed that Mn-OOH, a well-known
intermediate for O; + 4e- + 4H* -> 2H20 reaction?®¢, is
present. Therefore, we conclude that 4e- O2 reduction
reaction occurs on the conduction band of this catalyst. The
introduction of an aryl amino group shortens the band gap
and improves visible light absorption. Furthermore,
atomically dispersed Mn atoms on aryl amino-substituted
g-CsNs improve the separation efficiency of the
photogenerated carriers, inhibit charge recombination, and
provide catalytically active sites, which improve the overall
photocatalytic efficiency.

CONCLUSIONS

In conclusion, we have developed an Mn-based single-atom
catalyst with atomic dispersion of coordinatively
unsaturated Mn-Nx sites on aryl amino-substituted
graphitic carbon nitride. Comprehensive characterizations
confirmed that the Mn species present on the carbon matrix
as isolated Mn atoms coordinated with average 4.6 N/O
atoms. Notably, this Mn-SAPC exhibited superior catalytic

reactivity and stability for the photocatalytic production of
H20: from seawater without the usage of any organic
electron donor. Furthermore, the experimental results and
theoretical calculations revealed the synergistic function of
the unsaturated Mn-Nx sites with a single Mn atom and the
adjacent nitrogen atoms at the edges of the triazine rings
and aryl amino grafted on g-C3N4 skeleton. The introduction
of aryl amino groups shortened the band gap and improved
light absorption. The Mn-Nx sites facilitated the O:
adsorption and activation, which accounted for the
outstanding catalytic reactivity since they promoted the
separation of photogenerated electron-hole pairs and
inhibited the recombination of photogenerated electron-
hole pairs. In summary, the reported synthetic approach
offers an alternative way to synthesize Metal-g-C3N4
catalysts with high atomic dispersion and coordinatively
unsaturated Metal-Nx sites from nonprecious transition
metals, which can be further applied to other
(photo)electrocatalytic reactions and organic
transformations.
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