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Abstract: Two series of bimetallic photocatalysts (0.5% Pt/0.01-0.5% IrOy /g-C3Ny and 0.1% Pt/0.01-0.1%
IrOy / g-C3Ny4) were synthesized by the thermolysis of melamine cyanurate and a successive deposi-
tion of platinum and iridium labile complexes (Me4N), [Pt (1-OH), (NO3)s] and fac-[Ir(H,O)3(NO3)s.
The synthesized photocatalysts were studied by a set of physicochemical analysis techniques. Plat-
inum exists in two states, with up to 60% in metallic form and the rest in the Pt2* state, while iridium
is primarily oxidized to the Ir3* state, which was determined by X-ray photoelectron spectroscopy
(XPS). The specific surface area (Sggt), which is determined by low-temperature nitrogen adsorption,
ranges from 80 to 100 m? g~ ! and the band gap energy (Eg) value is in the range of 2.75-2.80 eV as
found by diffuse reflectance spectroscopy (DRS). The activity of the photocatalysts was tested in the
photocatalytic production of hydrogen from ultrapure water under visible light (A = 400 nm). It was
found that the splitting of water occurs with the formation of the stochiometric amount of H,O, as an
oxidation product. Two photocatalysts 0.5% Pt/0.01% IrOx/g-C3Ny4 and 0.1% Pt/0.01% IrOy /g-C3Ny
showed the highest activity at 100 pmol h-1 gcat_l, which is among the highest in H, production
published for such systems.

Keywords: g-C3Ny; photocatalytic water splitting; hydrogen peroxide; visible light

1. Introduction

The transition to a carbon-free and low-carbon economy is now being seriously con-
sidered, and therefore there is a huge interest in hydrogen as an ideal energy carrier [1,2].
Photocatalytic water splitting with hydrogen production is widely regarded as the most
promising strategy for the conversion of solar energy into chemical energy [3-7].

Unfortunately, the quantum efficiency of this process is usually low due to the back
reaction between the evolved hydrogen and oxygen and the recombination of electron-hole
pairs [8]. Therefore, most investigations are devoted to photocatalytic hydrogen production
not by water splitting, but by its reduction through the use of available organic and inor-
ganic electron donors in aqueous solutions [9]. The addition of so-called “sacrificial agents”
reduces the recombination of electron-hole pairs and thus increases the quantum efficiency
of hydrogen production [10]. The maximum rate of hydrogen production in systems with
electron donors is several orders of magnitude higher than the rate of hydrogen production
during water splitting [11]. However, the use of “sacrificial agents” has a fundamental
disadvantage—the need for the constant introduction of an electron donor into the system.
Moreover, it is necessary to select a photocatalyst that is active in the presence of a specific
“sacrificial agent”. Therefore, recent research has tended to move from systems containing
electron donors to photocatalytic splitting of pure water [12-15].

For the complete water splitting under normal conditions, the standard Gibbs free
energy is very high and amounts to A,G°9g = +237.2 kJ-mol~!. In addition, the oxidation
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of water usually requires a much higher overvoltage than the reduction in protons [9]. It is
known that the four-electron oxidation of water is a complex process that occurs with great
kinetic constraints [16]. In addition, when obtaining a mixture of hydrogen and oxygen,
safety issues arise, and efforts must be made to separate the components of the mixture [17].

Photocatalytic water splitting is known to follow two different mechanisms: a thermo-
dynamically favored (E = 1.23 eV vs. NHE) four-electron pathway [18]:

2H20 — 2H, + Oy, (1)
and a kinetically favored (E = 1.78 eV vs. NHE) two-electron pathway:
ZHZO — H202 + Hp. (2)

It is believed that under ambient conditions, process (2) is more probable [16]. Note
that this process is also considered favorable because hydrogen peroxide is a valuable
product itself [18-20].

The most frequently studied photocatalysts for water splitting are graphene-based
structures [15,21-23] and polymeric graphite-like carbon nitride g-C3Ny [18,19,24]. Unlike
photocatalysts based on transition metal sulfides, g-C3Ny is an environmentally friendly
material. g-C3Ny is a semiconductor with a band gap of 2.7 eV (A = 460 nm) and with valence
band levels at +1.6 V vs. NHE and the conduction band at —1.1 V vs. NHE [25,26]. The latter
is one of the most negative values for known semiconductor photocatalysts, which favors
photocatalytic reduction. In addition, g-C3Ny is able to catalyze the two-electron process
of formation of H,O, [27,28]. Graphitic carbon nitride is usually obtained by thermal
polycondensation of inexpensive nitrogen-containing precursors, such as cyanamide and
dicyandiamide, melamine, urea, and thiourea [29]. However, the resulting g-C3Ny has
a small specific surface area. In order to increase the surface area and obtain materials
with higher catalytic activity, various methods are proposed. For example, in our group,
a new synthetic technique, based on thermolysis of a melamine cyanurate complex, has
been proposed for the formation of g-C3Ny with a high surface area and photocatalytic
activity [30-32].

For the splitting of water by reaction (1) and reaction (2), the surface of the pho-
tocatalyst must contain additional cocatalysts for the reduction and oxidation of water,
respectively [16,33]. Suitable cocatalysts can reduce energy barriers for reduction/oxidation
by reducing the activation energy [33]. In order to reduce the energy barriers to reduc-
tion/oxidation, appropriate cocatalysts are applied. For example, platinum group metals
such as Pt, Rh, Ru, and Ir, as well as Ni, can be used as a cocatalyst for hydrogen evo-
lution [34,35]. Metal oxides such as Co, Fe, Ni, Mn, Ru, and Ir oxides are commonly
used as oxygen production cocatalysts [34,36]. For the complete water splitting, systems
based on graphitic carbon nitride with cocatalysts such as Pt-CoP/g-C3Ny [37], Pt-PtOx-
CoOx/g-C3Ny [38], Rh-RhOy /g-C3Ny [39], Pt-IrO, /g-C3Ny [6], Pt/ (K*-doped)g-C3Ny4 [20],
or Pt-CoP/g-C3Ny [8] have been proposed. These systems showed high activity in complete
water splitting; however, the content of noble metals used in them was quite high—from
1 to 5 wt.%. The possibility of synthesizing photocatalysts with small amounts of noble
metals has not been studied, although the high content of these components leads to a
significant increase in the cost of the material.

This research was aimed at the synthesis of g-C3Ny-based photocatalysts containing
platinum and iridium oxide cocatalysts with low content of noble metals (<0.5 wt.%).
In our previous works, we have developed novel approaches for the synthesis of active
photocatalysts for two processes—hydrogen evolution from aqueous solutions of TEOA
and oxygen evolution from aqueous solutions of NalOy. For the first process, 0.01-0.5%
Pt/g-C3Ny4 photocatalysts were prepared by thermal treatment of melamine—cyanuric acid
supramolecular complex and further sorption of platinum nitrato complexes as a precursor
of Pt cocatalyst [30]. For the second process, 0.005-0.5% IrOy/g-C3Ny photocatalysts were
prepared via deposition of Ir aqua/nitro complex onto the surface of g-C3Ny4 with further
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thermal treatment in air [32]. It was shown that at high activity in the production of oxygen
from an electron acceptor solution, NalOy, the IrOy/g-C3N4 photocatalysts show very low
activity in the production of hydrogen, i.e., they catalyze only the process of oxygen forma-
tion [32]. Thus, we assumed that a system IrOx /Pt/g-C3N4 with two supported cocatalysts
(“reductive” Pt and “oxidative” IrOx) would be active in the complete decomposition of
water. The main task was to provide the synthesis of photocatalysts in such a way that
platinum would be reduced to the metallic state, while iridium would remain in an oxide
state. Based on this idea, we synthesized two series of samples IrOy /Pt/g-C3N4 with the Pt
weight content of 0.5 and 0.1% and the Ir content of 0.01-0.5 wt.%. The catalysts provided
photocatalytic splitting of water without the addition of donors or acceptors of electrons
under the action of visible light.

Thus, the systematic analysis carried out to understand the mutual influence of plat-
inum and iridium particles in bimetallic IrO /Pt/g-C3Ny4 photocatalysts on the overall
activity of such materials in the reaction of water splitting into H, and H,O, is the main
novelty of this work. By using an original synthetic approach to deposit cocatalysts based
on our previous studies of Pt/g-C3Ny photocatalyst [30], several different combinations of
Ir and Pt states of cocatalysts with different Pt/Ir ratios were realized on g-C3Ny surface.
The activities of the resulting ensembles were analyzed along with the data about their
structure revealed by the series of methods.

2. Results
2.1. Preparation of the Pt-Ir/C3Ny4 Photocatalysts

Earlier it was shown that the best cocatalysts for the production of hydrogen and
oxygen are platinum in the metallic state and ionic forms of iridium, respectively [29-32].
The objective of this study was to select a combination of cocatalysts that would produce
hydrogen from water without the addition of organic substances—electron donors.

Our main synthesis strategy was Method 1. This procedure, with the metal deposition
steps separated from each other, leads to an independent distribution of Ir and Pt particles
(see below). However, to check the influence of a synthesis method on the structure and
activity of catalysts, two modified approaches (Methods 2 and 3) were also tested.

2.2. Photocatalyst Characterization

The synthesized photocatalysts were characterized by XRD. It was proved that all
three synthesis methods provide the formation of graphite-like carbon nitride g-C3Ny: in
the X-ray patterns, the most intense reflections (at 13° and 27°) correspond to the layered
structure of graphite-like carbon nitride. The interplanar spacing is about 3.26 A, which
agrees with the data for materials based on g-C3Ny. Unfortunately, XRD turned out to be
of little use for analysis of deposited metals in such systems: it could only identify metallic
platinum with a mass fraction of at least 0.5% (Figure 1A). Iridium compounds could not
be identified even at this high mass fraction.

To illustrate how metal concentration affects catalytic activity, two series of catalysts
were prepared using Method 1. The series contained Pt with concertation fixed at either
0.5 or 0.1 wt.%, while iridium concentration was varied in rows 0.01, 0.05, 0.1, and 0.5 wt.%.
In the case of metal cocatalysts, the actual metal content is a very important factor. Therefore,
it was experimentally determined using ICP-AES. The chemical analysis showed that the
actual atomic ratios Pt:Ir were in a good linear correlation with the introduced quantities
of precursors (Figure S1). The noticeable overconcentration of Pt in the samples can be
attributed to the partial decomposition of the g-C3Ny support during the synthesis. Indeed,
the overconcentration correlates with the mass loss previously detected for Pt/g-C3Ny
materials during their calcination in H; [30].
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Figure 1. (A) XRD patterns of the Pty 5Irg5/C3Ny(1) and Pty 1Irg 1 /C3Ny(1) catalysts and g-C3Ny;
(B) FTIR spectra of the Ptyslrgs/C3Ng(1), Pty 1lrg1/C3Ny(1), and g-C3Ny; (C) Tauc plots per-
formed for the Ptoslry /C3Ny(1) series of catalysts, Ptgs5/C3Ny(1), and g-C3Ny; and (D) DRS of
the Pt 5Iry /C3N4(1) series of catalysts, Ptg5/C3Ng(1) and g-C3Ny.

The FTIR spectra of the materials demonstrate the series of signals in the range
1800-900 cm ™! which are assigned to the C-N and C-C stretching vibration in agreement
with the IR fingerprints of the heptazine-based g-C3N4 materials reported previously [30].
According to the IR spectroscopy data, metal deposition does not lead to any significant
changes in the structure of the parent g-C3Ny material (Figure 1B). This result can be
ascribed to the low loadings of metals, which makes their influence on the structure of
g-C3Ny negligible.

On the other hand, the specific surface area of the samples prepared via Method 1
shows a clear correlation with the amount of Pt: a higher percentage of Pt leads to a higher
BET area of a sample. Indeed, the surface area of pristine g-C3Ny is about 50 m?-g~!,
whereas for the samples with 0.1% and 0.5% Pt, the surface area achieves 80 m?-g~! and
100 m?-g~!, respectively (Table 1). This result agrees well with our data on monometallic
Pt/C3Ny catalysts prepared by reductive (H;) thermolysis of PtOx/C3Ny precursors [30].
In that case, an increase in the specific surface area was a result of the following process. In
a hydrogen atmosphere, Pt nanoparticles serve as catalytic centers for the hydrogenation of
the C3Ny framework, resulting in its partial destruction and noticeable porosity growth.
Obviously, this process is more pronounced for the samples with higher Pt loadings. The
deposition of Pt in the case of Pt-Ir/g-C3Ny catalysts proceeded in the identical manner as
for monometallic Pt/g-C3Ny, and therefore the tendency of the BET surface in both cases
is similar.
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Table 1. Textural properties of the Pt-Ir/g-C3Ny catalysts.

Sample (Preparation Method) Sggr, m?-g~1 V, cm3.g—1

g-C3Ny 47.5 0.24
Pty 5Irg.1/C3Ny(1) 97.2 0.37
Pt0.5Ir0'05 /C3N4(1) 99.3 0.28
Pty 51rg .01/ C3Ny(1) 101 0.36
Ptg11rg.1/C3Ny(1) 76.8 0.41
Ptg11rg5/C3Ny (1) 86.4 0.45
Pty 5lrg5/C3Ny(2) 120 0.40

In contrast, the fraction of loaded Ir almost does not affect the specific surface area of
the samples (Table 1). At the same time, a comparison with the mentioned monometallic
Pt/C3Ny catalysts shows that the BET surface of the Pt-Ir/g-C3Ny catalysts is noticeably
lower. For example, the surface area of monometallic Pty5/g-C3Ny achieves 300 m?2/ g,
whereas for the bimetallic systems, it does not exceed 120 m?/g. This can be due to the
partial collapse and blocking of pores after deposition of Ir via impregnation. Note that the
highest surface area (120 m?2- g_l) is achieved for the sample Pty 5Irg5/C3N4(2), prepared
by calcination in hydrogen at the final stage of the synthesis.

The BET surface of Pt-Ir/g-C3Ny catalysts can be particularly enhanced by their
calcination in hydrogen after Ir deposition, but (as it has been shown previously and will be
clear from the results below) metallic Ir formed in a reductive atmosphere does not possess
catalytic activity toward water oxidation.

Diffuse reflectance spectra were obtained for the supported bimetallic photocata-
lysts with various compositions. Compared to unmodified g-C3Ny, they show a char-
acteristic increase in absorption in the region of 500-700 nm, due to the presence of de-
posited metal nanoparticles (Figure 1D). This effect is barely visible for catalysts with low
metal content but clearly observed for the series Pty 5Iry /C3Ny(1). That said, even for the
Pt 5Irg5/C3Ny(1) catalyst, changes in the position of the band gap are negligible with
respect to that for pristine g-C3Ny material, calculated from corresponding Tauc plots
(Figure 1C). For bimetallic photocatalysts, the Eg value varies from 2.75 to 2.80 eV, whereas
for pristine g-C3Ny this value amounts to 2.7 eV. This fact agrees with the IR data, and
it emphasizes the intactness of the g-C3Ny4 material after all treatments involved in the
preparation of catalysts. In Figure 1D, absorption in the range of 290-400 nm was observed,
caused by the surface plasmon resonance effect of platinum and iridium nanoparticles.
Most likely, the increase in the energy gap can be associated with the surface plasmon
resonance effect inherent in platinum group metals. Previously, the authors [40] also wrote
about an increase in the band gap when adding silver nanoparticles.

The surface properties of synthesized Pt-Ir/g-C3N4 photocatalysts were studied by
XPS (Figure 2). Peaks corresponding to carbon bonded to nitrogen atoms in the g-C3Ny
structure (288.1 eV) were identified in the Cls spectra (Figure S2). The N1s spectrum
exhibits four peaks with binding energies at 398.6, 400.0, 401.0, and 404.5 eV (Figure S2).
These peaks can be attributed to nitrogen atoms forming, respectively, a CN=C bond, an
N-(C)3 bond, an N-H terminal group, and an excited 7-bond. The main task was to find
the charge state of metals in the bimetallic systems depending on the deposition method.
Table 2 shows the surface concentration and oxidation state of the metals, calculated from
the XPS data. As seen, the photocatalysts synthesized by Method 1 contain both metals
coexisting in the form of metallic (Pt?, Ir?) and ionic (Pt** and Ir®*) species.

The fraction of ionic platinum gradually grows for both series (with 0.1 and 0.5% Pt)
with an increase in the iridium loading. This indicates that iridium species additionally
promote the oxidation of platinum nanoparticles. For the series with 0.5% Pt, the percentage
of metallic platinum varies from 50 to 68%, while for the series with 0.1% P4, it varies from
24 to 60%. Interestingly, the calcination of the parent monometallic Pt/C3N4 material in
air at 400 °C leads to the transformation of only a small part of metallic platinum into the
2+ charge state: in the starting material, there is 95% of Pt?, while after calcination in air,
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the fraction of Pt° decreases to 87% (Figure S3). Therefore, it can be concluded that iridium
species can promote the partial oxidation of Pt nanoparticles or isolated Pt atoms.

XPS intensity (a.u.)

i A Pt B Pt Pt4f-Ir4f
[ Pt P’ -
N | 3
i Ir°
i Ir’
[ | 2 b
.- S L T Ll
[ s
N 2
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Figure 2. (A) Pt4f and Ir4f regions of the XPS spectra of the Pt 5Iry /C3N4(1) series of catalysts (y = 0.5,
0.1, 0.05, and 0.01 for curves a, b, ¢, and d correspondingly); and (B) XPS spectra in the same region
recorded for the catalysts Pt 51rg5/C3Ny(2) (a) and Pty 5Irg5/C3N4(3) (b).

Table 2. Ir and Pt concentrations and ratios in the catalyst as found by XPS.

# Sample [PtVIC] %, P  [IX[C] %, 1  [PtVIr]  [POV[Ir3*]
Method 1

1 Pto11rg5/C3Ny(1) 0.0003 24 0.0015 14 0.2 0.06

2 Ptg11rg.1 /C3Ny(1) 0.0004 39 0.0003 13 1.5 0.6

3 Ptg.1Irg05/C3Ny(1)  0.0003 53 0.0002 33 1.8 1.7

4 PtO.ler‘Ol /C3N4(1) 0.0003 60 - - - -

5 Pt 51rg5/C3Ny(1) 0.0021 50 0.0012 17 1.7 1.1

6 Ptoslrg1/CsNy(1) 0.0018 57 0.0002 0 10.5 59

7 Pto51rg05/C3Ng(1)  0.0018 68 0.0001 0 14.2 9.7

8 Pto.51rg.01 /C3Ny(1) 0.0018 60 - - - -
Method 2

9 Pt 51rg5/C3Ny(2) 0.0006 100 0.0005 100 1.23 -
Method 3

10 Ptoslrg5/C3Ny(3) 0.0011 84 0.0006 100 1.16 -

In all samples prepared by Method 1, iridium is represented mainly by ionic species
(Ir**) that can be ascribed to a highly dispersed oxide IrOx. It should be noted that for
the samples with 0.01 wt.% Ir, the metal is found at the noise level and its oxidation state
cannot be identified. For the samples with 0.1% Pt, the surface [Pt]/[Ir] ratio agrees well
with its loaded content, whereas in the case of 0.5% Pt, the surface [Pt]/[Ir] content is at
least 1.5-2 times higher than the loaded ratio. It can be explained by the effect described
earlier—the loss of mass of g-C3Ny4 during Pt deposition.



Catalysts 2024, 14, 225

7 of 17

For the sample Pty 5lrg5/C3sNy(2), prepared by Method 2, which includes the final
treatment in hydrogen at 400 °C, both platinum and iridium exist in the metallic state.
Under such treatment, the alloying and combined agglomeration of Pt and Ir become more
pronounced. For Method 3 (with the “reverse” deposition), the percentage of metallic Pt
exceeds 80%, while iridium is reduced to the metallic state completely.

Figure 3 and Figure S4 represent HR-TEM and EDS elemental mapping images of the
photocatalyst Ptg 5Irg5/C3Ny(1). The data presented in Figure S4 and Table S1 confirm the
presence of C and N elements with the ratio ca. 3:4 in the Pty 51rg5/C3N4(1) photocatalyst.
The HR-TEM micrographs of the as-prepared catalysts show that platinum tends to aggre-
gate into relatively large nanoparticles on the surface of g-C3Ny. In contrast, ionic iridium
species IrOy are uniformly distributed over the surface of g-C3Ny and do not form distinct
particles. This is consistent with the XRD data revealing that at high metal loadings, the
reflexes of Pt become clear, while phases of iridium remain undetectable. On the other
hand, the elemental EDS mapping and HR-TEM micrographs (Figure 3B-D) obtained
at lower magnification reveal that the overall distribution of both metals over g-C3Ny
particles is quite homogeneous. The interplanar distances (1.95 and 2.26 A) (Figure 3A
and Figure S5) observed for metallic nanoparticles are clearly due to the (200) and (111)
indexes of the fcc phase of metallic Pt (1.962 and 2.265 A distances are reported in the
PDEF-2 database (card #00-004-0802)) [41]. As seen from Figure S5, isolated (not aggregated)
particles show a clear spherical geometry. Due to the proximity of the metallic Pt and Ir
cell parameters, it is quite difficult to distinguish their alloys from individual particles.
However, even for the Irg 5Pty 5/C3N4(1) sample, the EDS mapping shows that there is
no noticeable agglomeration of iridium in the area of the observed metallic nanoparticles
compared to the average Ir distribution. Nevertheless, partial alloying of Pt with Ir cannot
be excluded.

N [ et

Figure 3. HR-TEM (A) and EDS (B-D) elemental mapping data depicting the metallic nanoparticles
observed in the Irg 5Pty 5 /g-C3Ny(1) photocatalyst.
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For comparison, Figure 4 shows TEM images with elemental mapping of the photocat-
alyst Irg 5Pty 5/g-C3Ny(2), which has the same metal content, but prepared by Method 2.
For this sample, elemental mapping shows the formation of large bimetallic Pt-Ir particles
up to 10 nm in size. This confirms the alloying of Pt and Ir under hydrogen treatment at
400 °C used in the synthesis by Method 2.

Figure 4. (A,C) HAADF, (B) HR-TEM images, and (D-F) EDS elemental mapping representing the
metals distribution in Iry 5Pty 5 /g-C3Ny(2) photocatalyst.

Based on the results above, the following conclusions can be drawn. In the catalysts
prepared by Method 1, platinum exists in two states—metallic (up to 60%) and Pt>*, while
iridium is oxidized predominantly to the Ir’* state. However, after Steps 1 and 2 of
synthesis, platinum is completely reduced to the metallic state (this was shown earlier
for Pt/g-C3N4 samples). This means that after Steps 3 and 4, platinum becomes partially
oxidized. Moreover, it tends to aggregate into relatively large nanoparticles, while ionic
iridium species IrOy are evenly distributed over the surface of g-C3Ny4 and do not form
distinct particles. In the case of Method 2, with treatment in hydrogen at Step 4, both
metals are in the metallic state. In this case, the formation of large alloys of bimetallic
Ir-Pt nanoparticles on the surface of g-C3Ny is observed. For Method 3, with the “reverse”
deposition, most of the platinum (over 80%) is in the metallic state, while iridium is reduced
to the metallic state completely.

2.3. Photocatalytic Tests

The results of kinetic experiments (Table 3) show that the formation of hydrogen from
pure water occurs only with the use of the bimetallic photocatalysts prepared by Method
1. In contrast, the photocatalysts Pt 51rg5/C3sN4(2) and Pty slrg5/C3N4(3), as well as the
reference samples Pty 5/C3Ny(1) and Irg5/C3N4(1), possess zero activity. The activity in
hydrogen production from pure water was compared with the activity with the use of a
TEOA solution as a substrate. It should be noted that when hydrogen is evolved from
aqueous solutions of TEOA, another dependence is observed—for bimetallic photocatalysts
Pty 5Irg 5/ C3N4(2) and Ptg 5Irg 5/ C3N4(3), the activity is much higher than that of the sample
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Pt 5Irg5/C3Ny(1). Indeed, the activity in Hy evolution from TEOA solutions is higher than
for pure water by an order of magnitude.

Table 3. Activity of Ptxlry /C3Ny photocatalysts in hydrogen production from ultrapure water and
triethanolamine aqueous solution (10 vol.%). Conditions: Vgusp = 50 mL (H>O) or 100 mL (TEOA
solution), meat = 25 mg, A gp = 400 nm.

Ultrapure H,O 10% TEOA Solution
# Method Metal Loading W(H,), Activity, umol Activity, pmol W(H,), Activity, pmol
umol min—1 Hy h=1gg, 1 H,O0, h 1 g1 pmol min—1 Hy h=1 gy !
1 Pto5/C3Ny(1) * - - - 6.28 7540
2 Pto5/C3Ny(1) - - - 4.85 5820
3 Ir 95/C3N4y(1) - - - - -
4 Pty slros5/C3Ny(1) 0.023 55.2 29.4 1.06 1270
5 Pt 5Irg1/C3Ny(1) 0.023 55.2 441 0.46 552
6 1 Pt0‘511‘0‘05 /C3N4(1) 0.026 624 62.7 0.36 432
7 Pto5Ir.01 /C3Ny(1) 0.043 103 16.8 0.46 552
8 Ptg.1Irg5/C3Ny(1) 0.016 38.4 27.3 0.13 156
9 Ptg1Irg1/C3Ny(1) 0.019 45.6 35.7 0.06 72
10 Ptg11rg.05/C3Ny(1) 0.026 62.4 39.9 0.37 444
11 Pto.11r.01 /C3Ny(1) 0.036 86.4 71.4 0.45 540
12 Pto1/C3Ny(1) - - - 2.79 3350
13 2 Pto5lrgs5/C3Ny(2) - - - 7.18 8620
14 3 Pto5Irg5/C3N4(3) - - - 2.74 3290

* without air treatment at 350 °C.

For comparison, the activity of two monometallic photocatalysts Pty 5/C3N4(1) was
studied. The first of the reference samples was prepared via Steps 1 and 2, while the second
one was additionally treated in air at 350 °C, which essentially imitated the preparation
of bimetallic samples by Method 1. It was shown that the activity of the first reference
photocatalyst (Pt 5/C3N4(1) *, 100% Pt in the metallic state) is higher than the activity of the
second one (Pty5/C3Ny(1); 11% Pt in the metallic state and 89% Pt in the Pt?* state) in the
hydrogen production from an aqueous solution of TEOA, 7.5 and 5.8 mmol h-! gcat’l,
respectively. In addition, their activity in the production of hydrogen from aqueous
solutions of TEOA significantly exceeds the activity of all bimetallic samples prepared
by Method 1. Surprisingly, the highest activity in this reaction, 8.6 mmol h~! g..t !, was
shown by the bimetallic photocatalyst Pt 5lrgs5/C3sNy(2), in which both platinum and
iridium are reduced into the metallic state, which can be explained by the high content of
metallic cocatalysts in the necessary oxidation state.

Thus, photocatalysts with platinum in the metallic state exhibit the highest activity
in the production of hydrogen from aqueous solutions of an organic electron donor. The
transition of platinum to the Pt** state or the deposition of iridium oxides suppresses the
photocatalytic activity in this reaction. Regarding the photocatalytic evolution of hydrogen
from pure water (without the addition of electron donors), the catalytic effect of platinum
is provided by two charge states—Pt? and Pt>*, but it is necessary that most of the iridium
be in the oxidized form.

The next step of the work was to study the effect of the content of iridium and
platinum in the samples prepared by Method 1 on the activity in the evolution of hydrogen
from pure water. Typical kinetics of hydrogen evolution over bimetallic photocatalysts
prepared by Method 1 are shown in Figure 5A,C. The net activities are represented in
Table 3 and Figure 5B,D. One can see that the kinetics of hydrogen formation for all
the catalysts are linear over 2 h. At that, among photocatalysts Pty slry /C3Ny(1) and
Pto11ry/C3Ny(1), the maximum rate of hydrogen evolution is about the same, which
certainly makes photocatalysts with 0.1% Pt more cost-efficient.
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Figure 5. (A,C) Kinetic traces for the H, generation from ultrapure water by PtgsIry/C3Ny(1) and
Ptg 1Iry /C3Ny(1) photocatalysts (y = 0.01, 0.05, 0.1 and 0.5) correspondingly under irradiation with
400 nm LED; and (B,D) represent net H; evolution rates calculated from the kinetic traces (A,B).

In addition, it is interesting that at a fixed content of platinum, the activity increases
with a decrease in the fraction of iridium. Thus, the photocatalysts Ptg 5Irp g1 /C3N4(1) and
Pto 11rg 01 /C3N4(1) show the highest activity. In other words, for the splitting of water, it is
necessary that platinum content be at least 20 times greater than iridium.

According to our previous results, the rate of hydrogen production in the presence of
TEOA over the best 0.5% Pt/g-C3Ny photocatalysts is at the level of 10 mmol h™! gt 71,
while the rate of oxygen production from NalOy solutions for 0.5% IrOx/g-C3Ny pho-
tocatalysts achieves 80 mmol h-! gcat_l [30,32]. In addition, as seen from Table 2, the
proportion of metallic platinum [Pt°]/[Pt] is less than the proportion of oxidized iridium
[IrOx]/[Ir], i.e., the [Pt°]/[Ir3*] surface ratio is less than the ratio [Pt]/[Ir]. Accordingly, it
can be assumed that iridium oxide catalyzes the formation of oxygen more intensely than
metallic platinum catalyzes the formation of hydrogen, which is why active photocatalysts
require a large loading of platinum compared to iridium. To the best of our knowledge,
this effect has not been published before [6,42].

It should be noted that oxygen was not detected during the reaction, which suggests
the presence of other products of water oxidation. It seems most logical that the product of
water oxidation is hydrogen peroxide, as has been noted by many researchers [16,20,24,43].
Therefore, we analyzed the reaction product filtrate for the presence of hydrogen peroxide
by tests with horseradish peroxidase. Table 3 represents the activities in HyO, production
for Ptg 5Iry /C3Ny(1) and Ptg 1Iry /C3N4(1) series. For the Pty 1Iry /C3Ny(1) series, the activity
and therefore the amount of evolved H,O, is at the level of 65-80% of the stoichiometric
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amount according to Equation (2). For the samples ranging from Ptg51rgo5/C3N4(1) to
Pto5Irg5/C3Ny(1), approximately the same relationship is observed. Only the point on
the concentration of hydrogen peroxide for the photocatalyst Pty slrgo;/C3N4(1) is an
outlier. Incomplete compliance with stoichiometry can be explained by the decomposition
of hydrogen peroxide during sample preparation, in particular, the separation of the
photocatalyst from the suspension.

An analysis of published data (Table S2 [3,6,8,13,44-47] and Table S3 [18,20,24,48-55])
shows that the obtained activities, ca. 100 pmol h~! gcafl, are among the highest for such
systems. For example, a photocatalyst 1% Pt/3% Ir/g-C3N4 shows activity at the same
level of 100 pmol h—! gcat_l, but at a much higher mass fraction of both noble metals [6]. In
general, according to Table S2, for the water splitting with the formation of H, and H,O5,
photocatalysts based on single-phase g-C3Ny4 doped with metal cocatalysts are used quite
rarely. Moreover, in this case, a discrepancy between the stoichiometry of hydrogen and
peroxide is often observed [20,24]. In addition to activity, the stability of photocatalysts is
one of the most important aspects. The stability of our photocatalysts was tested in four
successive 1.5 h runs of hydrogen production from ultrapure water (Figure 6B). After each
run, the reaction suspension was purged with argon to remove gaseous reaction products.
One can see that the hydrogen evolution rate remains constant during the runs. The XPS
study of the photocatalysts before and after photocatalytic tests (Figure S6) shows that both
the surface [Pt]/[C] ratio and the percentage of Pt% also remain almost unchanged. These
results are fundamentally different from the data obtained for Pt/g-C3Ny4 photocatalysts in
TEOA solutions, since in that case, the photocatalyst undergoes noticeable deactivation due
to the adsorption of oxidation intermediates on its surface [30]. Thus, hydrogen production
from pure water seems more promising not only because it is unnecessary to add electron
donors but also because of the higher stability of photocatalysts.

/O — 2
Q
/ » it o[
H* ” / o / Fis
j Q / Q
. Qo / Q o/ -
/ Q / = §_
%H, Q / /° O/ i ;\.
J1? e T L
Pl |f
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o 10 20 300
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Figure 6. (A) Diagram for the proposed mechanism of the H, and H,O, generation from water by a
visible-light irradiated PtxIry /C3Ny photocatalysts; and (B) the cyclic tests of the H, generation from
the ultrapure water with the Ptg 1Iry /C3N4 photocatalyst.

A probable mechanism of water splitting over a bimetallic photocatalyst is represented
in Figure 6A. For efficient water splitting into Hy and H;O,, the conduction band (CB) level
should be more negative than the reduction potential of H* to H; (0 vs. NHE). In addition,
the valence band (VB) should be more positive than the oxidation potential of H,O to HyO,
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(1.78 V) [9,56]. Therefore, g-C3Ny, with the bottom of its CB at -0.8 V and the top of its VB at
1.9 V, meets the requirements for a water splitting photocatalyst [56]. Irradiation at 400 nm
excites an electron from the VB of g-C3Ny to its CB. Most likely, photogenerated electrons
and holes migrate to particles of metallic platinum and iridium oxide, respectively, where
the formation of molecular hydrogen and hydrogen peroxide takes place.

3. Materials and Methods
3.1. Starting Reagents and Physical Measurements

All reagents were purchased from commercial suppliers and were used as received.
(NHy)3[Ir(NO,)s] was synthesized from hydrated iridium trichloride according to the
procedure presented in [32]. The obtained (NHy4)3[Ir(NO;)¢] was then characterized by
XRD. (MesNN), [Ptz (1-OH)»(NO3)g] was obtained from [Pt(HpO)2(OH)4] according to the
procedure described in [57]. The purity of (MesN), [Pty (1-OH),(NO3)g] was confirmed
by XRD and NMR !%Pt. Graphitic g-C3N, was obtained by thermal condensation of
a supramolecular complex consisting of melamine and cyanuric acid, according to the
method presented in [30]. A solution of fac-[Ir(H,O)3(INO3)s] (0.15M) was prepared from
(NHy)3[Ir(NO,)g] by its hydrothermal treatment in a 0.3M solution of HNOjs [32]. Ultrapure
water was produced using a Milli-Q system (total org. carbon <5 ppb (ug/L)).

3.2. Preparation of Pt-Ir/g-C3Ny Catalysts

The catalysts were synthesized using three methods.
Method 1 (Pt-Ir/C3Ny(1)) consisted of the following steps.

1. Deposition of Pt on g-CsN4. To prepare catalysts with 0.5 or 0.1 wt.% of Pt, an
appropriate aliquot (18.0 or 3.60 mL, respectively) of a (MesN)[Pt,(n-OH)>(NO3)s]
acetone solution (1.82 mM) was added to a suspension of g-C3Ny (2500 mg) in acetone
(40 mL). The resulting suspension was stirred for 12 h at room temperature in a closed
vial. The completion of sorption of platinum was checked by the absence of light
absorption at 380 nm. The solid was collected by filtration, washed with a copious
amount of acetone, and dried in an airflow at room temperature for 20 min.

2. Calcination in Hy. The resulting material was calcined in hydrogen (400 °C, 10 °C/min
ramping, 1 h exposure time) to give a Pt(X)/g-C3Ny precursor. Here, X is the loading
of Pt (0.5 or 0.1).

3. Deposition of Ir. The precursor (500.0 mg) was dispersed in 6 mL of acetone, and then
an appropriate aliquot (Table 4) of a fac-[Ir(H,O)3(NO,)3] solution ([Ir] = 4.00 mM)
was added. The prepared suspension was thoroughly mixed using ultrasonication
(10 min) and then dried in an airflow (200 °C) until complete removal of the solvent.

4.  Calcination in air. The obtained powder was calcined in an airflow at 350 °C for 1 h.

Table 4. Volumes of fac-[Ir(H,0O)3(NO,)3] solution used for the preparation of catalysts.

Ir wt.% in a Final Catalyst 0.5 0.1 0.05 0.01
Vir (uL) 3266 653 327 65

The resulting materials were designated as PtyIry /C3Ny(1). Here and below, X and Y
are nominal loadings of Pt and Ir, respectively. The actual loadings were determined by
ICP-AES.

For comparison reasons, monometallic Pty /C3N4(1) and Iry /C3Ny4(1) catalysts were
also synthesized. These materials were prepared from the pristine g-C3N4 using Method 1,
excluding Step 3 (for the preparation of Pty /C3Ny(1)) or Steps 1-2 (for the preparation of
Iry /C3Ny(1)), respectively.

Method 2 (Pt-Ir/C3N4(2)). Here, the same protocol was used, except that Step 4 was
calcination in a hydrogen flow at 400 °C. The materials obtained by this method were
designated as Ptxlry /C3Ny(2).
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Method 3 (Pt-Ir/C3N4(3)). In this protocol, the components were deposited in the
reverse order: deposition of Ir on g-C3Ny, calcination in air, deposition of Pt, and calcination
in Hy. The materials obtained in this case were designated as PtyIry /C3N4(3).

3.3. Apparatus

XRD. X-ray powder diffraction analysis of the polycrystalline samples was carried
out on a DRON-RM4 diffractometer (Bourevestnik JSC, Saint-Petersburg, Russia, Cu Ko
radiation, graphite monochromator in the reflected beam, scintillation detector with am-
plitude discrimination). The samples were prepared by deposition of a suspension in
hexane on the polished side of a cell made of fused quartz. A sample of polycrystalline
silicon (a = 5.4309 A), prepared similarly, was used as an external standard. The lattice
parameters were refined by the full-profile technique using the TOPAS-Academic program,
Version 6 [58].

HR-TEM. The structure and microstructure of the photocatalysts were studied by
HRTEM using a ThemisZ electron microscope (Thermo Fisher Scientific, Waltham, MA,
USA) operated at an accelerating voltage of 200 kV. The microscope was equipped with a
corrector of spherical aberrations, which provided a maximum lattice resolution of 0.06 nm,
and a SuperX spectrometer (TFS, Plano, TX, USA). Images were recorded using a Ceta
16 CCD sensor (Thermo Fisher Scientific, USA). For electron microscopy studies, samples
were deposited on perforated carbon substrates attached to aluminum grids using an
ultrasonic dispersant.

UV-vis and DRS. Electron absorbance spectra of the solutions were analyzed with
a PG Instruments T60 UV-vis single-beam spectrophotometer. Diffuse reflectance spec-
troscopy was carried out with a Shimadzu UV-VIS-NIR spectrometer UV-3101 PC (Kyoto,
Japan) using BaSOj as a reference. The reflectance spectra were recorded in the range of
240-800 nm and presented using the Kubelka-Munk function (K-M).

IR. Infrared spectra were recorded in the range of 400-4000 cm ™! on a Scimitar FTS
2000 (Varian, Palo Alto, CA, USA) apparatus using tablets of KBr.

XPS. The chemical composition of the samples was studied by the XPS technique
on electronic spectrometers SPECS Surface NanoAnalysis GmbH and FLEXPS (Berlin,
Germany). The spectrometers were equipped with a hemispherical Phoibos 150 MCD-
9 analyzer and Phoibos 150 analyzer with a DLD electron detector, respectively. The
spectra were recorded using non-monochromatized AlK« radiation (hv = 1486.61 eV). The
background was subtracted from the spectra using the Shirley method [59].

ICP-AES. Elemental analysis was carried out for several samples with the ICP-AES
technique with the use of an iCAP-6500 high-resolution spectrometer (Thermo Scientific,
Waltham, MA, USA, (ICP-AES)) with a cyclone-type spray chamber and a SeaSpray nebu-
lizer. Samples were dissolved completely in a mixture of sulfuric, nitric, and hydrochloric
acid prior to analysis.

3.4. Photocatalytic Activity Tests

The synthesized photocatalysts were tested in water splitting. Ordinary distilled water
usually contains dissolved organic impurities that can act as electron donors. Therefore, to
avoid their influence, we used ultrapure water. The experiments were carried out using
a photocatalytic reactor (Figure S7) described in detail elsewhere [32]. First, 25.0 mg of
the photocatalyst was suspended in 50 mL of water. After that, the suspension was then
purged with argon for 15 min to remove oxygen from the reactor. The reactor was then
irradiated with an LED with a wavelength of 400 nm (Figure S7) with parameters (30 V,
1 A; 19 mW-cm~2). The hydrogen concentration was recorded on a gas chromatograph
“Khromos GC-1000” (manufactured by “Khromos”, Dzerzhinsk, Russia), using a zeolite
column and a thermal conductivity detector. Argon was used as a carrier gas. The power
density of the LED light source was measured using a ThorLabs Optical Power Monitor
(PM16-401).
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The amount of hydrogen peroxide formed during the photocatalytic process was
measured by UV-vis spectroscopy (UV-250 spectrophotometer (Shimadzu, Kyoto, Japan))
using the reaction of H,O, with horseradish peroxidase (HRP) (CAS 9003-99-0, “Dia-
m”, Moscow, Russia) and 3,3’,5,5'-tetramethylbenzidine (TMB) (CAS 54827-17-7, NIOPIK,
Moscow, Russia) [60]. An acetate—acetic buffer solution with pH 4 was prepared to create
the appropriate environment for hydrogen peroxide determination while preventing the
overoxidation of TMB. After each water-splitting experiment, a 30 mL aliquot of the sus-
pension was centrifuged for 10 min. The volume of the decanted solution was determined
in a measuring cylinder. Subsequently, the solution was transferred to a chemical flask,
and 30 mL of buffer solution was added to achieve suitable pH. Additionally, 0.3 mL of a
TMB solution in dimethyl sulfoxide (DMSO) and 20 pL of an HRP solution were added.
The resulting blue-colored solution was subjected to spectrophotometric analysis using
a 1 cm cuvette. The maximum absorption was observed at 652 nm, at which the charge
transfer complex, which is formed during partial oxidation with TMB peroxide, has a
maximum emission. The concentration of hydrogen peroxide was determined using the
Buger-Lambert-Beer equation.

In a separate set of experiments, we studied the activity of synthesized photocatalysts
in the production of hydrogen from aqueous solutions of triethanolamine (TEOA, 10 vol.%).

4. Conclusions

Thus, this work proposes a new strategy for the synthesis of bimetallic photocatalysts
for water splitting into H, and HyO;: the synthesis of Pt/IrOy/g-C3sNy photocatalysts
with low content of both noble metals. In such systems, platinum acts as a cocatalyst
for the reduction of water with the formation of hydrogen, and iridium oxide acts as
a cocatalyst for oxidation with the formation of peroxide. A distinctive feature of the
proposed synthesis method is the combination of two elements: the preparation of g-C3Ny
from melamine cyanurate and the successive deposition of platinum and iridium oxides
from their labile complexes. By regulating the order of precursor deposition and the
conditions of subsequent thermal treatment, one can directly manage the state of both
metals in the resulting materials. From our experiments, we have concluded that the
catalytic activity of platinum in the generation of Hj is provided by two charge states—Pt
and Pt**. However, for the efficient production of H,O,, most of the iridium must be
oxidized— photocatalysts with iridium in the metallic state are completely inactive in the
decomposition of H,O. To synthesize such materials, platinum was first deposited from a
solution of (MesN),[Pt,(OH),(NO3)g] and then treated with Hy at 400 °C. After that, the
resulting Pt/C3N, material was impregnated with an acetone solution of ([Ir(H,O)3(NO,)3])
and calcined in air at 350 °C.

It was found that two tested series of photocatalysts—Ptg5Iry /C3Ny and Pty 11Iry /
C3Ny—show approximately the same maximum rate of hydrogen evolution, which cer-
tainly makes photocatalysts with 0.1% Pt more promising. At a fixed amount of platinum,
the catalyst activity increases with a decrease in the amount of iridium, and for the split-
ting of water, the platinum content must exceed the iridium content at least 20-fold. The
literature data show that the obtained activities ca. 100 pmol h~! gcarl are among the
highest achieved for H, production without the use of electron donors over photocatalysts
based on g-C3Ny4. The proposed synthetic approaches look very promising: they require
very low contents of noble metals (0.1 wt.% Pt; 0.01 wt.% Ir), and the “support” they use
is available and non-toxic graphite-like carbon nitride without any modifications (doping
with non-metals, creating heterostructures, etc.).

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/ catal14040225 /51, Figure S1: Correlation between loaded Ir:Pt ratios and
the same value determined with ICP AES chemical analysis in the as-prepared IryPtg 1 /g-C3Ny4(1)
catalysts (x = 0.5, 0.1, 0.01); Figure S2: C1s and N1s core-level spectra of photocatalysts. The N1s
spectra are normalized to the integral intensity of the Cls peaks corresponding to the spectrum
of g-C3Ny; Figure S3: XPS spectra of Pt4f of the photocatalysts Ptg5/g-C3Ny after treatment and
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hydrogen and consecutive treatment in air. Spectra are normalized to the integral peak intensity
Cl1s corresponding to the carrier spectrum (g-C3Ny); Figure S4: HR-TEM of the Iry 5Pty 5/g-C3Ngy(1)
photocatalyst, EDS mapping of the C and N elements in the Iry 5Pty 5/g-C3Ny(1) photocatalyst and
spectrum from EDS mapping; Figure S5: Analysis of the interplanar distances observed in HR-TEM
micrographs of Pt nanoparticles in the Iry 5Pto 5/g-C3Ny(1) photocatalyst; Figure S6: XPS spectra of
Pt4f and Ir4f of the spent and fresh Irg g1 Pty 1 /g-C3Ny(1) photocatalyst. Spectra are normalized to
the integral peak intensity Cls corresponding to the carrier spectrum (g-C3Njy); Figure S7: (a) The
scheme of photocatalytic reactor utilized in this work and (b) the spectrum of 400 nm LED used for
irradiation of catalysts suspensions; Table S1: The percentage composition of all elements calculated
from spectrum from EDS mapping; Table S2: Data on the photocatalytic hydrogen and oxygen
evolution from water without the addition of electron donors; Table S3: Data on the photocatalytic
hydrogen and peroxide evolution from pure water presented in the literature.
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