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ABSTRACT:

Although there are several reports about the beneficial performance of metal doped graphitic
carbon nitrides (g-C3N4) in various photocatalytic reactions, the effect of different alkali metal
dopants has not been studied systematically. Series of undoped, Li-, Na- and K-doped samples was
synthetized and used for the preparation of novel type of photocatalysts, composed of palladium
nanoparticles supported on alkali metals-doped graphitic carbon nitride. Palladium loading was
achieved via citrate reduction of palladium precursor in the presence of the carbon nitride material.
Several physicochemical characterization methods such as attenuated total reflection infrared-
(ATR-IR), diffuse reflectance UV-visible spectroscopy, high-resolution transmission microscopy
(HRTEM), energy dispersive spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), X-
ray powder diffraction (XRD), and thermogravimetric analysis (TGA) were used to get
information about the morphology and composition of the novel composites. According to the
optical characterization results, the band gap of g-CsN4 decreased upon Na- and K doping but
increased after Li-doping. The palladium nanoparticles were distributed over the support and
appeared in dispersed (undoped g-CsNa, Li-g-C3N4) or agglomerated (Na-g-CsNa, K-g-C3Ns) form
with individual particle size below 5 nm. The catalytic performance of these composite materials
was tested in two processes: (i) photodegradation of methyl orange and (ii) hydrogen production
from methanol. The Na- doping of graphitic carbon nitride was found to be a key issue to enhance
hydrogen production. The carbon nitride matrix was found to be stable during the photocatalytic
experiments, while the Pd component underwent certain changes during the photocatalytic
reforming reaction of methanol. Our results indicated that the really acting metallic Pd cocatalyst

was formed mainly in situ.



HIGHLIGHTS

¢ Novel palladium-containing composites of graphitic carbon nitride were synthesized
e Alkali metal-doping significantly changed the band gap of graphitic carbon nitrides
e The same preparation method led to different Pd composites at the different dopants

e Na-doping enhanced the hydrogen production over the composite photocatalyst



1. Introduction

In 1990 Liu and Cohen predicted the existence of ultra-hard carbon nitride [1]. Since that time,
the research has been focused on the synthesis and studying the properties of carbon nitride
materials. Mesoporous graphitic carbon nitride (g-C3Na4) has been found to be a suitable metal-free
catalyst for the Friedel Crafts reaction [2]. It turned out to behave as a multifunctional catalyst,
either due to its electronic properties, its nucleophilic properties, or its ability to form H bonds [3].
Although, in recent years, several important properties of g-C3Ns had been established, its
photocatalytic performance has been the most commonly studied and widely known feature [4-6].
Graphitic carbon nitride is a semiconductor with a band gap of 2.7-3.0 eV [7,8], which results in
its yellow or yellow-orange color and absorption of electromagnetic radiation in the wavelength
range between 410 and 460 nm (visible light). There are lots of reports showing its significant
activity in hydrogen generation under irradiation by visible light [7,9-11]. The efficiency of
hydrogen production from the photochemical reduction of water was improved by approximately
one order of magnitude via creating a mesoporous structure of polymeric C3N4 [11]. In line with
the results of bandgap calculations, g-C3Na4 exhibited visible-light activity also for Oz evolution
from water containing 0.01 M silver nitrate, although the activity for O, evolution was an order of
magnitude lower than that for Hz evolution [9].

Besides water splitting, g-C3N4 showed significant activity in the photodegradation of dyes, e.g.,
methyl orange [4,12,13], rhodamine B [14], or methylene blue [15]. The source of the effectiveness
of g-C3N4 in photocatalysis is connected with the formation of highly reactive radicals in the water
splitting process over this material [16].

There are two main possibilities to modify g-CsNa. Firstly, the material can be a component in

composites with other semiconductors, e.g. TiO2 [17,18], ZnO [13] Ag20O [19], or metallic



nanoparticles (NPs), e.g. Pd NPs [20,21], or Pt NPs [22—-24]. The formation of the composites is
carried out in order to obtain materials with better photocatalytic activity in comparison to pristine
g-C3Na4. As an example, Wang et al. reported that fluctuant H2 evolution activity of bare g-CaNs
was stabilized and enhanced by modification with a small amount of Pt [9]. Composites of
palladium with unmodified g-CsN4 [20,21] have been applied for a recyclable heterogeneous
catalyst for reduction of nitroarenes [25,26], Suzuki coupling reaction [27], electrooxidation of
formic acid and methanol [28], photodegradation of bisphenol A [29], hydrogen storage [30—32]
and hydrogen generation [30].

In the second approach, carbon nitride can be doped with other elements, e.g., alkaline metals
[33-40], or with various transition metals such as Fe, Cu, W, Co [10,41-43]. In most cases, the
metal cations are incorporated into the crystal lattice of g-C3N4 [38]. The potassium-doping
element was suggested to exist in intercalated from in the space between the g-C3N4 layers [44] or
built-in g-C3Ng4 lattices by the formation of K-N bonds during the polycondensation process [36].
The zinc-doping element was found to be coordinated with the g-CaN4 framework through metal—
N bonds [45]. In the case of Cu-doped g-CsN4, Cu ions were suggested to be chemically attached
to the heptazine units through coordination bonds [10]. Sodium was found to be coordinated into
the C-N rings by the N bridge linking of the triazine units [34,35] or into the interstitial sites of in-
planar g-CsN4 enlarging the interlayer spacing [33], or incorporated both in the interlayer spacing
and in the nitride pores [37] depending on the preparation method. Non-metal doping has also been
described [6,8,46].

Doping is a useful tool in order to tune the photocatalytic performance of g-CsNs [6,47]. In
general, doping of g-C3Ns was reported to have enhanced activity in various photocatalytic

reactions. The Zn dopant enhanced the photocatalytic reforming of MeOH under visible irradiation



(I > 420 nm) compared to undoped g-CsNs4 [45]. Co-doped g-CsNs resulted in increased
photocatalytic water splitting activity in the presence of a triethanolamine scarifying agent [48].
K-g-C3N4 and Ti-g-C3N4 showed excellent activity in the photocatalytic degradation of phenol
[39] and in the photocatalytic degradation of Rhodamine B under visible light [49], respectively.
Cu-g-CsN4 was a successful electrocatalyst in the hydrogen evolution reaction (HER) [10].
Although there are several reports about the performance of metal doped g-CzNs in various
photocatalytic reactions, a comparison of the effect of different alkali metal dopants on the
photocatalytic H> formation remains an undiscovered area. Moreover, a combination of the two
modification routes, compositing of doped g-CsN4 with metal nanoparticles, has scarcely been
reported in the recent literature. Accordingly, in this work, the synthesis and characterization of
palladium NPs/g-C3N4 composites, in which g-CsNa4 is previously doped with lithium, sodium, or
potassium, is described. Photocatalytic behavior of these new composites in two different
reactions, i.e., photodegradation of methyl orange and methanol photocatalytic reforming reaction
for hydrogen generation (CHsOH + H.O — CO; + 3H) are compared. We also attempted to
explore some relationships between the structural characteristics of our new types of composites
and their photocatalytic behavior. In order to realize the changes of the catalysts during operation,

results of characterization of fresh and recovered samples are also compared.



2. Experimental section

2.1. Chemicals

Cyanamide (>98%, Sigma Aldrich), lithium chloride monohydrate (>99%, Sigma Aldrich),
sodium chloride (>99.8%, Sigma Aldrich), potassium chloride (>99.8%, Sigma Aldrich), silver
nitrate (>99%, Sigma Aldrich), palladium(ll) chloride (>98%. Sigma Aldrich), L-ascorbic acid
(>99%, Sigma Aldrich), sodium hydroxide (>99%, Avantor Performance Poland), methyl orange
(>98%, Avantor Performance Poland), concentrated hydrochloric acid (38 wt.%, Chempur),
methanol (>99 %, Molar Chem), absolute ethanol (100.0 %, AnalaR NORMAPUR, VWR),
hydrofluoric acid (38-41%, Reanal) and nitric acid (65 wt.%, Molar Chem) were applied in the
experiments.

Double distilled water (18 MQ) was used for the preparation of methanol solution and for
dilution. The gases (H2, N2, Ar) used in this work were Linde products with 5.0 purity. The special
mixture of 5% Hz in N2 for calibration of GC was bought from Messer.

2.2. Synthesis of Undoped and Doped graphitic carbon nitride

Graphitic carbon nitride and alkali metal-doped graphitic carbon nitrides were synthesized via
the method described in detail elsewhere [38,40]. In brief, 15.9 g of cyanamide was annealed at
550°C for 3h (undoped g-CzN4). The doped materials were obtained via annealing of the mixture
of cyanamide and appropriate metal chloride, i.e., LiCl, NaCl, or KCI. The amount of the salt was
adjusted to obtain a mixture containing 60 wt% of LiCl or 50 wt% of NaCl or 40 wt% of KCI.
Importantly, the content of inorganic addition corresponded to the content of pure metal (Na or K)
at the level of ca. 20 wt%. In the case of Li, the content of metal was 6.9 wt%. The higher content
of Li was not possible because of the stoichiometry of lithium chloride monohydrate (11.5 wt %)

and its limited water solubility. The materials were named X-g-C3N4, where X is the doping metal.



All chemicals used were of the highest available purity. The conversion yields (ratio of the mass
of product to the mass of cyanamide) were 46 % (9-CsNa), 49 % (Li-g-C3N4), 43 % (Na-g-CsNa),
or 46 % (K-g-CsNa), respectively. Each of the as-obtained product was washed once with 0.1 M
HCI (RT, 500 cm®) and distilled water (40 °C, 500 cm?, few repetitions) until the supernatant was
free of chloride anions (a test with AgNO3 5 wt.% aqueous solution).

2.3. Synthesis of Palladium Nanoparticles/Graphitic Carbon Nitride composites

The composites of palladium NPs with graphitic carbon nitrides were synthesized using a
method similar to the preparation of palladium on activated carbon [50]. 2.5 grams of graphitic
carbon nitride was suspended in 30 cm?® of distilled water. The suspension was heated to 80°C in
a water bath and continuously stirred with a magnetic stirrer. Next, 2.5 cm® of a solution of
palladium chloride in 1 M HCI (100 mg-cm™®) was dropped, and the suspension was stirred for 15
min. Then, 1 cm?® of 0.1 M L-ascorbic acid was added (reducing agent). The suspension, which
was originally yellow, changed its color to dark grey. After 30 min of stirring, the pH of the
suspension was adjusted to 8 with a 10 wt% aqueous solution of NaOH. Then, the as-obtained
composites were filtrated, washed with distilled water, and dried in air at 120°C overnight.

2.4. Physicochemical characterization

Diffuse reflectance UV-visible spectra of the samples were registered using a Jasco V-570 UV-
VIS spectrophotometer equipped with NV-470 type integrating sphere. The data were collected
between 800 and 200 nm wavelengths with a 100 nm-min! scan rate.

Attenuated total reflection infrared (ATR-IR) spectra were recorded by means of a VVarian 2000
(Scimitar Series) FT-IR spectrometer (Varian Inc, US) equipped with an MCT (Mercury-

Cadmium-Telluride) detector and with a ‘Golden Gate’ diamond single reflection ATR unit



(Specac Ltd, UK). Sixty-four scans were collected at a spectral resolution of 4 cm™. Baseline
correction was performed using the GRAMS/AI (7.02) software (ThermoGalactic Inc., US).

The transmission electron microscopy (TEM) images and high-resolution TEM images
(HRTEM) were acquired using a Talos F200X microscope equipped with the field-emission X-
FEG cathode. The microscope was combined with a Super X EDS detector. The limit of the
resolution of the TEM microscope could be as low as 0.12 nm. The samples were also conducted
to a mapping of each element in the studied samples.

TGA analyses were performed with the TA Q50 instrument under the atmosphere of oxygen and
nitrogen (5 vol.% Oy) with the feeding rate of 65 ml-min* in the temperature range up to 900°C.

The Pd and alkali content of the samples was measured by inductively coupled plasma-optical
emission spectrometry (ICP-OES) technique by use of a simultaneous SPECTRO GENESIS
instrument with axial plasma observation. Samples were measured after microwave-assisted
dissolution in 1:2:6 mixtures of concentrated hydrofluoric acid: hydrochloric acid: nitric acid.

X-ray photoelectron spectroscopy (XPS) measurements were carried out using an EA125
electron spectrometer manufactured by Omicron Nanotechnology GmbH (Germany). The
photoelectrons were excited by non-monochromatized MgKa (1253.6 eV) radiation. The spectra
were recorded in the Constant Analyser Energy mode of the EA125 energy analyzer with 30 eV
pass energy resulting in a spectral resolution of ca. 1 eV. The catalyst powders were suspended in
isopropanol, and drops of the suspension were dried on stainless steel sample plates. Essentially
in all cases, some charge-buildup was observed during the photoelectron spectroscopy
measurement. Thus, the calibration of the binding energy scale was necessary. The main
component of the N 1s spectrum attributed to the C-N=C bonding environment with a binding

energy value of 398.6 eV [40,51-54] was selected as the reference point. With this charge
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referencing, the main component of the C 1s spectrum (arising from the same C-N-C
environments) appeared consistently around 288 eV, which is in good agreement with the literature
data [40,51-54]. The collected data were processed using the CasaXPS software package by fitting
the spectra with Gaussian-Lorentzian product peaks after removing a Shirley or linear background.
Nominal surface compositions were calculated using the XPS MultiQuant software package [55]
with the assumption of homogeneous depth distribution for all components.

X-ray powder diffraction (XRD) patterns were obtained in a Bruker D8 diffractometer using a
Cu Ka radiation (1.54A) in a 260 angle range between 10 and 70. The materials were placed on the
polymeric holder and flattened.

2.5. Photocatalytic characterization

2.5.1. Photodegradation of methyl orange

The process of photocatalytic degradation of methyl orange was conducted in a reactor of our
own construction. The scheme of this reactor is presented in Figure S1 (Supplementary Data). The
reactor was composed of a cylindrical glass vessel equipped with a water-cooled outer jacket. The
inner space was filled with 300 cm® of methyl orange aqueous solution (10 mg-dm™) with
suspended 1.00 g of the studied sample. The reaction was carried out under continuous irradiation
originated from a halogen lamp (500 W). The suspension was also continuously mixed with air
bubbling. The process lasted 6 hours. The samples (1.5 cm®) of the reaction mixture were taken
every 30 minutes and were stored in the dark. The concentration of methyl orange was determined

using a spectrophotometer (Shimadzu 2401-PC).
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2.5.2. Photocatalytic hydrogen generation

In order to get information about the behavior of the undoped- and the alkali doped catalyst
samples in photocatalytic methanol reforming, different experimental setups corresponding to
different irradiation sources were used (see Figure S2 in the Supplementary Data). In the case of
UV-visible light irradiation, a cylindrical quartz reaction vessel (140 mm in height and 60 mm in
diameter) equipped with a magnetic stirrer, with a gas input and output, was used (Reactor UV).
The light source was an Osram HQL de luxe lamp (125W) in a top irradiation arrangement. The
reaction volume was 260 cm?. The reaction under visible light irradiation was carried out in a
Peschl Consulting type of photoreactor equipped with a gas input-output and with a homemade
LED light source operated at four distinct wavelengths (400, 420, 440, 450 nm) (Reactor VIS).
Due to the overheating of the LED series, the reaction time was limited to 60-100 minutes, and the
irradiation was started at the highest wavelength in the Reactor VIS. The LED light source was
immersed into a cooled quartz cylinder equipped with a stirrer, which provided higher light
utilization than the top irradiation. The reaction volume was 330 cm? in Reactor VIS.

The concentration of the dispersed photocatalyst (0.5 g-dm™) in both reactors was at the
beginning of maximum photon absorption/the plateau region [56]. The initial concentration of
methanol was 6 vol.% in distilled water, and the reaction was carried out at room temperature in
every measurement. The two reactors were connected to a common analytical system (see Figure
S2 in the Supplementary Data). Nitrogen gas with a 20 cm3min™ flow rate was continuously
bubbled through the reactors. A gas chromatograph (Agilent 7820A) equipped with SUPELCO
Carboxen 1010 column and TCD detector was used to follow the hydrogen production. The
internal standard for GC analysis was argon gas added to the vapor-gas mixture before the GC

sampling valve. The reaction effectiveness was expressed as hydrogen production rate (mmol-h™?).
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According to the blank experiments, hydrogen formation was not observed without irradiation.
The samples were recovered from the aqueous methanol solution by decantation and centrifugation
after the photocatalytic reaction. They were washed with 3x50 cm?® of absolute ethanol followed
by drying under N2 flow.

3. Results and discussion

3.1. Physicochemical characterization of g-CsN4 samples and Pd/g-CsN4 composites

In Figure 1. the results of diffuse-reflectance UV-Vis spectroscopic measurements over the
different Pd-free, alkali metal doped g-CsNa -s and the undoped sample are compared. It can be
seen that the presence of Na (line a in Figure 1) and K (line b in Figure 1) dopant increased the
absorbance and shifted the band edge to the visible range. However, the introduction of Li (line d
in Figure 1) dopant decreased the absorbance and shifted the band edge to the UV range. The latter
finding is in good agreement with the recent results in work by Jasni et al. [57].

As we have shown in our previous paper [38], the synthesis of Li-g-C3N4 via polycondensation
of cyanamide in the presence of LiCl resulted in the presence of LiCl crystals in the obtained
graphitic carbon nitride. For the other cases (i.e. NaCl, KCI), the metal ions were introduced
without the chlorine anions. Thus, we assume that the presence of the chlorine ions significantly
increased the band gap in comparison to the pure, non-doped g-CsNa.

Doping with sodium and potassium causes the tuning of the valence band and the conduction
band. As shown in paper [24], alkali metals ions are coordinated between the heptazine rings, and
the interaction of the graphitic carbon nitride with these ions decreases the band gap. The possible
reason why the sodium doped sample exhibits the lowest band gap value is the consequence of

that the sodium cation is smaller in comparison to the potassium ion. The size of the Na* ion does
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not affect the crystal structure of the material as much as the larger K* ion. A similar conclusion

has been presented in other work [39].
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Figure 1. Diffuse-reflectance UV-Vis spectra of Pd-free Na-doped (a), K-doped (b), undoped

(c), Li-doped (d) g-CaN4samples

Table 1 contains the band gap values determined using the Tauc plot method [58-61]. In brief,
the diffuse-reflectance UV-Vis spectra were transferred to the Tauc plots (Figures S3-S10), i.e.,
the curves which show the relation between the energy of the light and the quantity (ahv)2, where
a is the absorption coefficient of the material. The band gap of the Pd-containing composites is
lower in comparison to that of the graphitic carbon nitride supports in three cases (g-CsN4, Li-g-
C3Ng, and K-g-C3Na4). In the case of sodium-doped material, the band gap is on the same level.
Thus, the construction of composites primarily resulted in decreasing the band gap. This behavior
is connected with the formation of the metal-semiconductor junction [62].

As seen in Table 1, Li doping increased the band gap, which confirms the results reported by
Jasni et al. [57], while Na and K doping decreased that compared to the undoped g-CzNs in line
with literature data [24,33,36] Based on the results of XRD, HR-TEM, FT-IR, TGA, PL

measurements, Jasni and et al. [57] concluded that Li atoms substitute the H atoms of the amino
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groups. They assumed that the presence of Li* ions might lead to the formation of g-CsNz with a
small polymerization degree and more defect sites. They concluded from the data of UV-Vis
analysis that Li* doping reduced the visible light sensitivity of the Li/g-C3N4 nanocomposites
compared to g- C3N4 due to the distortion of the g- C3N4 planar structure. In order to interpret the
effect of Na dopant, Liang et al. [24] determined VB by XPS measurements. They examined the
effect of Na* doping on the relative position of CB and VB. Their results showed that Na* doping
could down-shift the CB and VB edges of the g- C3N4 catalyst and decrease the band gap energy.

While the metal (palladium) and the semiconductor (graphitic carbon nitride) are contacted,
electrons from the conduction band of the semiconductor transfer into the metal until the
equilibrium of both Fermi levels are reached. This phenomenon causes the formation of an electron
depletion region in the semiconductor, consisting of fixed cations. The resultant negative field
lowers the band edges of the semiconductor in bulk in comparison to the energy at the interface.
[63]. Most probably, the Fermi levels of palladium NPs and Na-g-CsN4 have similar values, and
the changes in electronic structure are not significantly changed.

Table 1. Determined band gaps (Eg) of the materials obtained.

Pure material Composite with Pd NPs
Material
Eq (eV) Amax (nm) Eg (eV) Amax (nm)
9-CsNg 2.96 419 2.78 446
Li-g-C3Na 3.03 409 2.99 415
Na-g-C3Na 2.69 461 2.69 461
K-g-CsN4 2.75 451 2.70 459
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ATR-IR spectra of Pd-free, alkali metal doped- and undoped g-CsN4 samples are shown in
Figure 2. The spectrum of Pd-free g-C3N4 showed typical features in line with the literature [64].
The bands from 3300 to 3000 cm™ were related to the stretching vibrations of N-H bonds due to
the incomplete condensation of amino groups. The sharp bands at 806 and 889 cm™ were assigned
to the characteristic breathing mode of tri-s-triazine units and the deformation mode of N-H bonds,
respectively. The bands between 1700-1200 cm™ belong to stretching modes of CN heterocycles.
The undefined band at 2180 cm™, despite the strong absorption of the diamond ATR crystal,
referred to the presence of azide moiety [65]. The spectrum of Na- and K-doped samples was
similar to that of g-CsNa. It seems plausible that the structure of g-CsN4 remained intact upon Na-
and K-doping. The Li-doped sample, however, resulted in a different spectral feature. The high
wavenumber bands corresponding to N-H stretching, as well as the disappearance of the sharp
band at 889 cm™, suggested that the amino groups might participate in Li — g-CsN4 interaction.
Jasni et al. characterized Li-modified g-C3N4 and revealed the substitution of H atoms of the amino
groups by Li atoms [57]. They presumed that the presence of Li* ions enhanced the defect sites
which in turn implies the distortion of the g-CsNa4 planar structure. The splitting of the band around
1620 cm™ and the significant shift in the wavenumbers of C-N and C=N related stretching bands
were observed. In agreement with Jasni et al. [57], we suggested that the structure of g-C3Ns may
be altered. Indeed, the bands at 1223 and 1195 cm™* might belong to out-of-plane bending of the
heptazine ring, which suggests that the planarity of the g-C3aN4 sheets might have been altered. It
is interesting to note that the triazine unit remained intact, as reflected by the band at 803 cm™
assigned to the breathing mode of C3N4 subunits. The new band at 640 cm™* was also observed by

transient IR spectroscopy of Pt — g-C3N4 samples [66].
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Figure 2. ATR-IR spectra of Pd-free, alkali metal doped and undoped g-CsN4 samples

In our previous paper [38], we showed that the dopant phase is mostly possibly present within
the heptazine rings. We have shown the FTIR spectra, which undoubtedly proves this observation.
The bands characteristic for the heptazine units are shifted comparing the doped samples and
undoped samples. We assume that the dopant interacts by the coordinative bonds. The heptazine
units comprise lone electron pairs onto the nitrogen atoms. This negatively charged spot is able to
coordinate the positively charged metal cation.

From the above results, it could be seen that the spectroscopic and electronic features of the Na
and K doped samples were similar, but the Li doped sample showed a significant difference. It is
worth noting that according to the previous publication, the Li-doped sample had different
morphology compared to the non-doped, K- and Na-doped g-C3N4[38]. The lithium-doped g-C3N4
had the most developed porosity and the highest specific surface area (237.0 m?-g), whilst other
samples had much lower surface area, namely 19.0 m?-g’* for undoped, 0.8 m?-g* for Na doped,

and 7.3 m?g?! for K doped g-CsN4, respectively [38]. The increased surface area, which is a
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consequence of developed porosity possibly is a result of the rinsing of the lithium chloride small
grains after the synthesis. These grains played the role of the soft template formed with molten
lithium chloride. The melting point of LiCl is 605°C, which is close to 550°C, the constant
temperature during synthesis. The overheating could occur as the result of the construction of the
furnace and its relatively high inertness.

The TGA analysis at oxidizing atmosphere (Figure 3) and ICP-OES (Table 2) measurements
were carried out to determine the content of palladium in the Pd/g-CsN4 composites. The g-C3N4
burns out at a higher temperature, and the as-formed gaseous products can be evacuated from the
TGA crucible [7]. The thermal decomposition of the doped g-CsNs (Li, Na, K) results in the
formation of corresponding oxides (Li2O, Na.O, K>0). The Pd-containing composites contain a
mixture of the mentioned metal oxides and metallic palladium (palladium oxide decomposes above
750°C [67]). The solid residue (its mass can be determined from the plateau of the TGA curve) is
an indicator of the content of alkali metal dopant and as well the content of palladium. The content
of palladium can be calculated as the difference between the percentage residue of the composite
and the doped or undoped carbon nitride. It follows from TGA curves (Figure 3) that the content
of palladium measured by this method varied between 4.1 and 9.4 wt%. The highest content was
observed for Pd/Li-g-C3N4 composite. For the other cases, the Pd content was very similar, i.e.,
4.1 wt.% (Pd/g-C3Ns), 5.4 wt.% (Pd/Na-g-C3N4), and 4.9 wt.% (Pd/K-g-C3Na4). The observed
difference was plausibly connected with various specific surface areas presented in our previous
paper [38]. As it is mentioned, Li-doped sample has much porous structure and strongly differs
from the other three samples. When a big difference in the density of the samples exist, the volumes
over the samples may be different in crucibles, and the possibility of complete burning is different,

leading to the artifact. Furthermore, the putative stoichiometry for alkali oxide formation may be
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disturbed by the different rates of peroxide formation/decomposition and the catalytic effect of Pd

in case of the different doping elements.
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Figure 3. TGA curves of the materials determined under oxidizing atmosphere.

Alkali metal content of fresh and recovered Pd containing samples was measured by the ICP-
OES technique (Table 2). The Li content of fresh Pd/Li-g-C3N4 was one order of magnitude lower
than the Na and K content of the corresponding samples. This observation is in line with the
assumed way of formation of high pore volume in the case of Li-g-C3Na4. Na content was almost
stable, but Li and K content decreased significantly during the reaction, which may indicate the
different positions of the different dopants and their different interactions with the g-C3N4 matrix.

It seems surprising that Na appeared in the other doped samples. A possible explanation is that the
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rather high number of basic surface groups (and higher point of zero charge) of the Pd free Li-g-
C3Na4 and K-g-C3Na [38] coordinate the Na* ions to the surface during the Pd loading.
Table 2. Metal contents of the fresh composites (with comparison to contents estimated from

TGA data) and the samples recovered after the H> evolution reaction measured by ICP-OES

ICP-OES? TGA
Catalyst dopant, wt.% Pd, wt.% Pd, wt.%
Fresh | Recovered® | Fresh | Recovered® | Recovered® | Fresh
Pd/g-C3sN4 | none none 3.4 3.4 3.6 4.1
Pd/Li-g-CaN4 | 0.29 0.03 4.0 2.1 2.4 9.4
Pd/Na-g-C3N4 | 4.66 4.29 4.7 4.9 4.8 5.4
Pd/K-g-C3N4 | 4.17 2.67 4.2 2.7 2.8 4.9

2average of 3 parallel measurements °recovered from Reactor UV Srecovered from Reactor VIS

A comparison of the fresh and the recovered samples shows that various effects were observed
for the different doping metals. According to the ICP-OES data, the bulk Pd content of Pd/g-C3N4
and Pd/Na-g-C3N4 samples did not change significantly during the photocatalytic reaction. The
XPS analysis showed that the surface palladium concentration of Pd/g-CsNa4 remained unchanged
during the tests. However, the surface palladium concentration of Pd/Na-C3N4 decreased. Based
on these observations, it can be concluded that sintering or a certain type of aggregation of Pd
nanoparticles appeared in this sample. On the contrary, ICP-OES data revealed a decrease in bulk
Pd content for Pd/Li-g-CsN4 and Pd/K-g-C3Ns4 samples during the photocatalytic reaction. It is
obvious that the surface Pd concentration also decreased. If we accept that the rather high number
of basic surface groups (and much higher point of zero charge) in Li-g-C3N4 and K-g-C3Na4 samples
coordinated the Na* ions to the surface in the company of counterions, it means a very different
electrical environment which may result in a different binding force for the Pd nanoparticles on
the surface compared to the other two samples. Consequently, the possibility of mechanical

abrasion via the intensive mechanical stirring during the photocatalytic reaction is higher in the
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case of Pd/Li-g-C3N4 and Pd/K-g-C3N4 samples, than in case of Pd/g-C3Ns and Pd/Na-g-CaNs
samples.

The morphology of the fresh composites was examined via TEM, and representative
micrographs are presented in Figure 4. In the case of Pd/g-CsN4 (Figure 4a) and Pd/Li-g-C3N4
(Figure 4b), the palladium exists in the form of NPs of size below 5 nm. Sun et al. [27] synthesized
the Pd/g-CsN4 composite with similar content of Pd. The size of Pd particles was found to be lower
than 5 nm, thus similar to our findings. A similar size of obtained palladium NPs was also obtained
by Zhao et al. [26]. For two other materials, i.e., Pd/Na-g-CsN4 (Figure 4 c, d) and Pd/K-g-C3N4
(Figure 4 f), the NPs (also their size is below 5 nm) are connected and form agglomerates. The
size of the agglomerates is in the range of 20-100 nm. Importantly, the observed agglomerates are
very regular in shape. The probable reason for the aggregate formation on Na- and K-g-C3N4 was
the extremely small specific surface area of these graphitic carbon nitrides (0.8 m?-g?, 7.3 m?-g’

for Na- and K-doped samples, respectively) [38].
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Figure 4. TEM images of a) Pd/g-C3Na, b) Pd/Li-g-C3Ng,

c),d) Pd/Na-g-CsNsa, e), f) Pd/K-g-C3Na.

Additionally, the studied composites were mapped using EDS. Figures 5-8 present the
distribution maps of palladium, carbon, nitrogen, doping element (excl. lithium), and oxygen. The
mapping of lithium was impossible due to the absence of a special detector. Importantly, the

positions of carbon and nitrogen in each sample are almost identical, and this is proof of the
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presence of a carbon nitride matrix. The presence of oxygen originates from the partial oxidation
of the samples and is in good agreement with our previous reports [38,40], where each material
obtained exhibits oxidation of the surface. The distribution of Pd in each sample is irregular, whilst

for the cases of other elements, their distribution is regular in the whole material.

Pd

L—150nm

Figure 5. TEM image of the Pd/g-CsN4 composite and distribution of palladium, carbon,

nitrogen, and oxygen (in false colors).
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L—150nm

Figure 6. TEM image of the Pd/Li-g-C3N4 composite and distribution of palladium, carbon,

nitrogen, and oxygen (in false colors).
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L— 1500 nm L 1500nm

Figure 7. TEM image of the Pd/Na-g-C3N4 composite and distribution of palladium, carbon,

nitrogen, sodium, and oxygen (in false colors).
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Figure 8. TEM image of Pd/K-g-C3sN4 composite and distribution of palladium, carbon,

nitrogen, potassium, and oxygen (in false colors).

X-ray photoelectron spectroscopy was used to evaluate the surface chemical composition of the
studied composites. This analysis was applied for two kinds of samples: (i) before any
photocatalytic process and (ii) after hydrogen generation processes conducted with the irradiation

of 365 nm and 400 nm (discussed hereinafter). The latter analysis was performed in order to
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observe whether any changes in chemical composition occurred during the process of
photocatalytic hydrogen generation.

XPS investigations revealed the presence of C, N, O, and Pd in all samples. Dopant elements
were identified in minor quantities. The detailed results are listed in Tables S1-4 in the
Supplementary Materials.

Not surprisingly, the C 1s and N 1s spectra of all studied composites confirmed the presence of
graphitic carbon nitride, as the most intense contributions arose from triazine rings [40,51-54].
The carbon content was always somewhat higher than the nominal value, resulting in a C:N ratio
around 3.3:4 for the Pd/g-C3N4 composite and around 3.6:4 in the case of the composites on doped
carbon nitride supports. However, no degradation of the g-C3N4 support was evident during the
photocatalytic reaction, as both the characteristic binding energies and the line shapes of the carbon
or nitrogen peaks remained unchanged.

The oxygen content of the samples was partly the result of the natural oxidation of the g-C3Na
material, as described in our previous work [38,40] and partly arose from oxidation of the Pd
deposits.

Each sample contained sodium in ionic form (1071.4-1072 eV Na 1s). The origin of sodium in
the materials is connected to the use of NaOH during the synthesis procedure. Importantly, in all
cases, the content of sodium decreased after the photocatalytic process. It suggests that, in spite of
washing the samples after the synthesis, some sodium-containing impurities still remained in them.
In the case of Pd/Li-g-C3N4 and Pd/K-g-C3N4 composites, the ionic forms of Li and K have been
found (54.5 eV Li 1s and 292.3-292.4 eV K 2pss2, respectively). The content of potassium is not

markedly changed after the photocatalytic process, whilst lithium before the process was not
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detected because of the exact overlap of the expected position of the Li 1s peak with the rather

broad Pd 4p peak and because of the close proximity of the Na 2s peak.

The apparent Pd content, as well as the chemical state data for Pd, are summarized in Table 3,

while Pd 3d spectra of the fresh and used composites are shown in Figure 9.

Table 3. Summary of the results of the XPS analysis of the Pd/g-C3N4 composites

Fresh catalyst Recovered catalyst?
Sample Pd Pd 3ds/2 binding energy (eV), Pd Pd 3ds/2 binding energy (eV),
content chemical state content chemical state
(Wt%) (Wt%)
Pd/g- Pd* ions in PdO; Pd?* ions: PdO or
CsNg 22:9 338.1 or oxyhydroxide 26.1 3317.1 oxyhydroxide
Pd/Li- Pd** ions: PdO; or 335.4 metallic Pd
g-C3Ngy 96 33179 oxyhydroxide 76 338.2 Pd** ions
Pd*" and Pd?* ions: Pd*" and Pd?* ions:
P_déNNa' 36.2 (gfgég) PdO;and PdOor | 235 (g’f’gég) PdO; and PdO or
g-LalNa oxyhydroxides oxyhydroxides
336.6 | Pd?*ions: PdO or
: 6.6 oxyhydroxides
Pd/K-g- 8.7 335.2 metallic Pd
. 4+ 2+ ;
O\ 337.5 | Pd*" and Pd<" ions . 33790 | Pd* and Pd2* ions
4.5
(broad)

& Data for recovered catalysts are obtained for UV-visible (A>365 nm) irradiation.

b: Measured after visible (400 nm) irradiation.
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Figure 9. Pd 3d spectra of photocatalysts prepared on (A) undoped; (B) Li-doped; (C) Na-doped

and (D) K-doped g-CsNa4 supports.

For simplicity, in Table 3, data for the used catalysts were mainly measured after photocatalytic

experiments with the UV-visible light source. The only exception is the Pd/K-g-C3Ns system,
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where the UV-visible and the visible irradiation resulted in somewhat different Pd chemical states
in the recovered catalysts (see also Tables S1-4 in the Supplementary Materials), Details of
identification of the Pd chemical states can also be found in the Supplementary Materials.
Although the apparent Pd concentrations deduced from the XPS experiments are much higher
than those measured by ICP-OES, the results are still reasonable if the structure of the samples is
considered. In fact, if a metal catalyst is supported on the outer surface of a support, the apparent
concentration of the metal measured by XPS will always be higher than the bulk (or nominal)
concentration, and the difference increases with the dispersion of the metal. Thus, the high
apparent Pd content of the Pd/g-CsN4 composite is in line with the relatively high dispersion of
Pd, in agreement with the TEM results in Fig. 4 a) or Fig. 5. The somewhat worse Pd dispersion
(see Fig. 4 b)) on the high surface area support leads to a significantly smaller apparent Pd content
in the case of the Pd/Li-g-CsN4 composite. On the contrary, the relatively large coverage of big Pd
agglomerates (Fig. 4 c¢), Fig. 7) on the low surface area Na-g-CsN4 support explains the unusually
high apparent Pd content of the Pd/Na-g-C3sN4 catalyst, while the decrease of the coverage (Fig. 8)
is the reason of the much smaller apparent Pd content obtained for the Pd/K-g-CsN4 composite.
As it is shown in Figure 9 panel A, the Pd 3d spectrum of the fresh Pd/g-C3zNs composite
consisted of a rather broad 3ds/2-32 spin-orbit doublet. Although the broad peaks may indicate the
simultaneous presence of several chemical states, the 3ds. peak at 338.1 eV suggested the
dominance of Pd** species arising from PdO- or Pd(OH). probably surrounded by PdO [68,69]
forming a hydrated Pd-oxide. A similarly broad and structureless Pd 3d envelope was observed in
the used Pd/g-CsN4 composites, although the 1 eV shift of the 3ds/» peak towards lower binding
energies suggested a change in the distribution of the ionic Pd species in favor of the Pd?* state

[70-72]. 1t has to be mentioned that although Pd is a noble metal, its surface can be
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reduced/oxidized relatively easily, especially in supported form. Thus, it is not surprising that the
well dispersed Pd particles became highly oxidized upon ambient exposure in the fresh catalyst.
The change in the oxidation state in the recovered catalysts indicates reduction under the reaction
conditions, although assessing its extent is difficult because of the unavoidable re-oxidation after
recovery.

The somewhat narrower 3ds2-32 spin-orbit doublet of the fresh Pd/Li-g-CsN4 composite (Fig. 9
panel B) appeared at almost the same binding energy as in the case of the catalyst on the undoped
support, indicating a similarly highly oxidized (Pd**) state, probably in hydroxide and/or
oxyhydroxide environment. The spectrum of the recovered sample closely resembled that of the
initial state, suggesting quite high stability of the Pd** ions. At the same time, a small (some 5-
10% of the total Pd signal) contribution around 335.4 eV indicated the appearance of metallic Pd
as a product of the photocatalytic reaction.

The 3ds2 peak of the broad and very intense Pd 3d spectrum measured on the fresh Pd/Na-g-
CsNs composite (Figure 9, panel C) was observed around 337.5 eV binding energy, which is
intermediate between those reported for Pd** (around 338 eV [68,69]) and Pd?* (somewhat below
337 eV [70-72]). Thus, it is plausible to assume that a mixture of Pd?* and Pd** ions is located at
the surface of the sample. Although the TEM studies indicated the formation of large Pd
agglomerates, the small primary particle size around 5 nm still can explain the sensitivity of the
material towards oxidation upon air exposure. In the case of the recovered Pd/Na-g-CsNa catalyst,
neither the line shape nor the binding energy of the Pd 3d spectrum of the used samples differed
significantly from those found in the initial state. Thus the Pd content remained the same mixture

of Pd?* and Pd*" ionic states. Nevertheless, the presence of small amounts of metallic Pd or other

31



reduced forms cannot be ruled out, considering that their signals can easily be masked by the strong
ionic contributions.

Finally, significantly different behavior was found for the Pd/K-g-C3N4 system (Pd 3d spectra
depicted in Fig. 9, panel D). In the fresh state, a Pd 3ds/2 peak around 335 eV indicated that the Pd
content was mainly metallic, completed by a mixture of Pd?* and Pd** ions (smaller Pd 3ds/, peak
at 337.5 eV). Somewhat unexpectedly, in the recovered samples, predominantly ionic Pd species
were observed, with a clear difference between the catalysts illuminated at different wavelengths.
In the sample used in the UV-VIS photoreactor, the broad Pd 3ds» component was around 336.6
eV, suggesting a mainly Pd?* ionic state, whilst the 337.2 eV binding energy for the sample
illuminated at 400 nm indicated a mixture of Pd?* and Pd** ionic states. At this stage, it is difficult
to assess the effect of air exposure following the photocatalytic experiment. However, it is likely
that the shorter wavelength illumination resulted in a more reduced but still ionic state in the K-
doped samples.

The powder X-ray diffraction patterns of the studied materials (Figure 10) showed three
reflections that perfectly fit metallic palladium [71,73]: (111) at 40.1°, (200) at 46.5°, and (220) at
66.7°. The broad peak located near 27° originates from the (002) g-CsNa reflection [74]. XRD
diffractograms of Pd/g-CsN4 composites containing the same reflections are shown elsewhere
[26,27,30]. The investigation did not detect any other Pd-containing compounds, such as palladium
oxide, palladium hydroxide, or palladium chloride. Nevertheless, the XRD results are in line with
the XPS and TEM data. The weak metallic reflections in Pd/g-CsN4 are in agreement with the
strongly oxidized nature of the well dispersed particles, while in Pd/Na-g-CsNs, the large
agglomerates are evidenced by TEM must be mainly composed of small, heavily oxidized

particles. The lack of oxide reflections probably indicates the disordered nature of the oxides. The
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significant metallic Pd content of the Pd/K-g-C3Ns catalyst is confirmed by the XRD data, while
in the Li-doped system, a few large metallic particles not detected by TEM may be responsible for
the diffraction peaks. Surface sensitivity of XPS may also be a factor as it probes the depths up to

6-8 nm [75], whilst XRD analyzes the bulk samples.
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Figure 10. Powder X-ray diffractograms of the composites obtained and metallic Pd

(as a reference). JCPDS cards: 05-0681 (Pd) and 87-1526 (g-C3Na).

The combination of structure and chemical state sensitive characterization methods, therefore,
revealed a clear effect of the doping on the nature of the Pd deposits supported on the different g-
C3N4 supports. The parent support and its Li-doped variant seemed to stabilize small but strongly
oxidized Pd particles, although in the latter case, large metallic blocks not accessible for XPS must
also be present. On the other hand, in the Na- and K-doped systems formation of large Pd-
containing aggregates was preferred, probably not independently from the low specific surface
area of the supports. Moreover, we found that the presence of a doping element in g-CsN4 had an

effect on the redox behavior of Pd in their Pd-containing composites.
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Variation in the surface chemistry of the doped supports is the probable reason for Pd loss during
the photocatalytic measurements. Indeed, ICP-OES evidenced a significant decrease of the Pd
content in the recovered catalysts for the Pd/Li-g-C3N4 and Pd/K-g-C3N4. Systems, most probably
due to a combined effect of dissolution and mechanical abrasion. In these systems, which seem to
facilitate the formation of large metallic Pd agglomerates, the particular surface properties [38]

may result in weaker anchoring of Pd.

3.2. Photocatalytic behavior of g-C3sN4 samples and Pd/g-CsN4 composites

3.2.1.Photodegradation of methyl orange.

The photodegradation of methyl orange was studied for the Pd-free and Pd-containing materials.
Figure 11 presents the obtained kinetic curves for all studied materials (Figure S11 shows kinetics
curves for each pair before and after the loading of Pd). Among Pd-free samples, the material
doped with potassium exhibits the best photocatalytic performance because the concentration of
dye decreased to a negligible level for the reaction time of ca. 4h, whilst for the other cases, after
6h, the solution still contains dye: 86% of the initial concentration in the case of Na-g-C3N4 and
28% for g-CsNa, respectively. No photodegradation was observed in lithium-doped graphitic
carbon nitride. Plausibly, the band gap is too high, and the material comprising lithium is not able
to catalyze the photodegradation reaction effectively. The composites with palladium exhibited
different photocatalytic activities. The best performance was observed for the case of Pd/g-CsNa.
In this case, the concentration of methyl orange decreased to 25% of the initial concentration. For
the other cases, the observed concentration was as follows (in relation to the initial concentration):
37% (Pd/Na-g-C3N4), 65% (Pd/K-g-C3Ns), and 91% (Pd/Li-g-C3N4). The construction of

composite enhances the activity in two cases: lithium-doped and sodium-doped graphitic carbon
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nitrides. For Li-g-C3N4 material, the enhancement is negligible. In the case of g-C3Njs, the presence
of Pd does not substantially modify the catalytic performance. Interestingly, the degradation
process carried out over K-g-CsNs4 was markedly hampered. The most important difference
between Pd/K-g-CsN4 and other palladium-bearing composites is the much higher oxygen content
on the surface (determined via XPS- Table S4), namely 16.5 at.%, whilst for the other samples,
this value did not exceed 8.6 at.%. Thus, the surface of this sample is more oxidized, and plausibly,
the surface of the palladium nanoparticles is also more oxidized. This feature significantly

influences the catalytic performance of the material, making it less active.
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Figure 11. Kinetic curves of photodegradation of methyl orange over Pd-free samples and Pd-

containing samples (right).

The Kinetics data were fitted to the first-order kinetics: C=Co-¢™, using its linear form: -
In(C/Co)=kt. The obtained values of rate constants are shown in Table 4. The linear forms of kinetic
curves fitted to the first-order model are shown in Figure S12. The kinetics of photodegradation
of methyl blue perfectly fits the applied model in most cases because the correlation coefficient
(R?) is higher than 0.98. K-g-CsN4 exhibits weaker goodness of fit (R?=0.94), only. The rate

constants determined for the composites are higher than for the graphitic carbon nitrides, with an
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exception for K-g-C3Ns. This finding suggests that the construction of composites with palladium
enhances the photocatalytic activity of the material. The obtained k values are in the range of 0.050-
0.201 min for the composites and 0.005-0.177 min for the case of pure carbon nitrides. K-g-
C3Ny is an exception because the determined rate constant is 1.225 min™,

Table 4. Determined first-order kinetics rate constants of the photodegradation of methyl blue.

Material Pure material Composite with Pd NPs
k (hh) R? k (hh) R?
9-CsN4 0.177 0.993 0.207 0.998
Li-g-C3N4 0.005 0.995 0.018 0.980
Na-g-CsNa 0.030 0.989 0.101 0.995
K-g-C3Ny 1.225 0.939 0.050 0.981

The photocatalytic removal of methyl orange was studied in many papers. Dong et al. [76]
presented the photocatalytic performance of graphitic carbon nitride synthesized from melamine
via polycondensation at 520°C. Importantly, they also obtained the oxidized g-CsN4 by
solvothermal treatment of pristine material with the use of hydrogen peroxide. They showed that
oxidation markedly enhances photocatalytic activity. The first order kinetics rate constants in their
case were found to be 0.0105 and 0.1607 h* for the pristine and oxidized g-C3Na, respectively.
However, they applied 0.1g of photocatalyst in 100 cm? of 10 mg-dm™ methyl orange aqueous
solution, whilst herein 1g of the photocatalyst and 300 cm? of dye solution were applied. Moreover,
the power of irradiation in their case was 350 W. He et al. [77] synthesized the composite of g-
C3N4 with MoOs. The support was synthesized via polycondensation of melamine at 520°C. The
first-order rate constant in the photodegradation of methyl orange in their case was found to be
0.0017 min(0.102 h'), which is similar to the Pd/Na-g-C3N4 (0.101 h'). The power of irradiation
was 350 W, the concentration of dye was 20 mg-dm3, the mass of photocatalyst was 0.2 g, and the

volume of solution was 100 cm®. The comparison of the synthesized composites with the

36



previously studied materials shows that the composite Pd/g-CzN4 has better catalytic performance
in the photodegradation of methyl orange. However, the best catalytic performance was found for

the Pd-free K-doped graphitic carbon nitride.

3.2.2. Hydrogen generation in methanol photocatalytic reforming reaction

The hydrogen generation over the bare g-C3N4 could not be observed in our experimental setup.
Therefore a direct comparison of the catalytic properties of the bare g-CsN4 materials was not
feasible in this reaction. It is known that the photocatalytic methanol reforming reaction proceeds
via the formation of stable intermediates such as formaldehyde and formic acid in the most
frequently studied noble metal/TiO> systems [78-80]. It has to be noted that the present work was
not addressed to mechanism studies; our aim was only the detection of the H> formation over the
various Pd/g-CsN4 composites.

In general, the rate of H> production reactions can be increased at least one order of magnitude
by deposition of metal cocatalysts on the surface of the semiconductor [81]. Consequently, the
photocatalytic activity of metal-modified systems may be affected not only by the properties of
the semiconductor but also by the properties of the cocatalyst. According to generally accepted
opinions, deposited metal particles can increase the activity of the photocatalysts by decreasing
the overvoltage of H. evolution [81,82]. In addition, decreasing the recombination of the
photoexcited electron-hole pairs can also be taken into account because the metal NPs behave as
electron traps through Schottky barrier formation [81,82]. Based on the literature analogies, the
effective charge separation also has to been taken into account. Platinum as the co-catalyst resulted
in the enhanced charge separation by transfer of photogenerated conduction band electrons on g-

CsNs into metal nanoparticles. [83,84]. The results of EIS measurements in a recent paper over a
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series of g-C3Na4, Na-g-C3N4, and Pt/Na-g-CsN4 samples presented that the radius of the arc in the
spectra further decreased after Pt loading, confirming the most efficient electron-hole separation
of the Pt/Na-g-C3N4 [24]. One of the effective metallic elements for photoreforming catalysts is
palladium [85,86]. Although the Pd load was relatively high on all of our samples and the increase
of the surface metal content beyond a certain limit is unfavorable according to the literature [87],
the H» formation on these Pd-containing samples was well detectable.

Figure 12 shows the H, formation rate over Pd composites of undoped and doped g-CsN4-s under
UV-Vis irradiation (Figure 12A) in Reactor UV and under visible light irradiation (Figure 12B) in
Reactor VIS (see Figure S2 in Supplementary Materials). The H, formation rate-reaction time
dependencies have two main parts, the initial period and a plateau in both systems. The plateau of
the H evolution rate represents the continuous formation of Ha. The gradual increase of the H»
evolution rate in the initial period can be explained by at least two reasons: (i) the methanol
solution should be first saturated by H> and reach equilibrium for the liquid phase/nitrogen flow
before the measurement became relevant to real gas evolution; (ii) catalytically active sites are in
situ formed which requires some time.

The rate of the photocatalytic H> production under UV-visible irradiation in reactor UV (Figure

12 A) showed the following order: Pd/Li-g-C3N4 < Pd/g-C3Ns < Pd/Na-g-CsN4 ~ Pd/K-g-C3Na.
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Figure 12. Time dependencies of photocatalytic H> formation. A: wavelength of irradiation >
365 nm (Reactor UV); B: irradiation with visible light of different wavelengths (Reactor VIS). o:
Pd/K-g-C3N4, 0: Pd/Na-g-CsN, A: Pd/g-CsNs4, o: Pd/Li-g-C3N, d: dark period with stirring in

Reactor VIS

Despite the different states of the Pd cocatalyst, this order was in good agreement with the order
that can be estimated on the base of diffuse-reflectance UV-Vis spectroscopic measurements of
the bare semiconductors. K- and Na-doping increased the evolution rate of H> by some 30%
compared to the undoped sample, while Li-doping halved it. It is interesting to note that Pd/K-g-
C3Ng4 had the shortest induction period of the kinetic curve, where metallic Pd on the surface of
the fresh sample was indicated by XPS.

In the case of smaller energy of irradiation provided in Reactor VIS (Figure 12B), Pd/Li-g-CsN
was not active. Although this composite has the highest specific surface area [38], its light-
absorbing properties were the poorest in the series of samples. In the case of Pd/Na-g-CsNsand
Pd/K-g-C3N4, the photocatalytic response has started at larger wavelengths (450, 440 nm) in
accordance with their decreased band gap. The rate of H> formation on K-g-CaN4 was significantly
lower than that measured on Na-g-CsNa4. As can be seen in Figure 13, the repeated experiments

gave the same trend. The reason for the observed phenomenon is not clear yet; some type of
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passivation could be assumed for the K-doped sample when the irradiation energy was not

sufficient at the beginning of the measurement (450 nm). Further investigations are needed to

explain this observation.

0.15 -
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g 0.10 A
£
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0.00 il
450 440 420 400

Wavelength of irradiation, nm

Figure 13. Comparison of results of parallel experiments hydrogen at irradiation with visible
light (Reactor VIS). Hz evolution rates measured after 60 min irradiation at given wavelength;
black: Pd/undoped g-CsNa; green: Pd/Na doped g-C3N4; blue: Pd/K doped g-C3Na; column with

texture: repeated experiment

In the next series of experiments with the Pd/K-g-C3N4 sample, the reaction time was increased
from 60 min to 105 min at the first step, i.e., at the lowest energy of irradiation (450 nm) in Reactor
VIS, but no significant changes were resulted (cf. blue rings in Figure 12 and Figure 14). Then the
irradiation, stirring and N2 flow was switched off for 36 h. The restart gave very good
reproducibility of Hz production except for the first step, where the induction period was not

observed. These results indicated the in situ formation of certain catalytic active sites and the

reusability of the sample.
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Figure 14. Photocatalytic H> formation on Pd/K-g-C3N4 composite in restarted irradiation in
Reactor VIS. d: dark period with stirring, o: the first series of irradiation, 0: second series of

radiation (36 hours after the first series, with an unstirred dark period)

Regarding the role of Pd, we did not find a direct correlation between the decrease of the total
amount of Pd measured by ICP-OES in the recovered sample (Table 2) and the rate of
photocatalytic H> production on these composites (data in Figure 12-13). It could be concluded
that only a certain part of the introduced Pd was involved as a cocatalyst in our samples. According
to the literature, the surface concentration of the cocatalyst has an optimum value [87] which is
lower than it was in our case.

In general, small NPs in the metallic form are considered as active cocatalysts for H, production
[88]. However, palladium particles with oxidized initial form were also described to behave as an
appropriate cocatalyst for it [87,89]. It is known that calcination of supported Pd salts in air yields

surface Pd-oxide [90], but Pd compounds on various semiconductors obtained after impregnation
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followed by calcining give well-functioning cocatalysts. Their activity was explained by the easy
reduction of the surface layer of the Pd-oxides [87].

We found that the presence of Pd?* on the surface of the fresh composite or formation Pd?*
during the irradiation detected by XPS (Table S1-S4 in the Supplementary Materials) had a certain
correlation with the photocatalytic hydrogen production. We assumed that Pd?* could be easily
reduced to dispersed (active) Pd on the surface. However, dispersed Pd® NPs could easily be
oxidized during sample handling (recovering, XPS sample preparation). That is why we were not
able to detect them after our sampling procedure. Based on these observations, we concluded that
the really acting metallic Pd cocatalyst was formed mainly in situ. It has also been hypothesized
that different irradiation energies result in different Pd surfaces when using one or the other reactor
system.

Based on literature data [79] and on our results, a schematic model depicted in Figure 15 can be

described for the methanol photocatalytic reforming reaction on our composites.

"HCO ﬂ HCOOH

Figure 15. Schematic model of methanol photocatalytic reforming reaction
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4. Conclusions

Herein, the composites of palladium NPs with graphitic carbon nitride have been synthesized
and studied as prospective catalysts for hydrogen production. The novelty of this work stems from
the doping of graphitic carbon nitride with alkali metals (Li, Na, K) before the Pd deposition. The
presented synthesis route is simple and includes two steps: (i) synthesis of carbon nitride from
cyanamide with or without metal doping and (ii) palladium loading via PdClI> reduction with L-
ascorbic acid. Na- and K-doped graphitic carbon nitrides had decreased, while Li-doped graphitic
carbon nitrides had enhanced band gap value compared to the undoped one. The content of the Pd
in the composites was found to be about 4 wt%. Palladium has formed either dispersed (undoped
g-CsNg4, Li-g-C3N4) or agglomerated deposits (Na-g-CsNa, K-g-C3N4) with the primary particle
size below 5nm. The aggregate formation of Pd could be related to the reduced specific surface
area of the Na- and K-doped samples. The morphology and surface properties of the semiconductor
affected the formation and stability of the cocatalyst; the same method of preparation led to
different Pd composites in the case of the different dopants of the g-CsN4. The samples were
studied in two tests: (i) photodegradation of methyl orange and (ii) hydrogen production via
methanol reforming. The rate of the methyl orange degradation under visible light irradiation
exhibited the order Pd/Li-g-C3Ns < Pd/K-g-C3N4 < Pd/Na-g-C3N4 < Pd/g-C3N4, and Li-g-CaNs
< Na-g-C3Ns < g-C3N4 < K-g-CsNg for the bare semiconductors. The rate of the photocatalytic
H> production under UV-visible irradiation showed the following order: Pd/Li-g-CsNs < Pd/g-
C3Ns < Pd/Na-g-C3N4 ~ Pd/K-g-C3N4 while bare g-C3Nas-s did not give measurable H, formation.
The carbon nitride matrix was found to be stable during the photocatalytic experiments, while the
Pd part underwent certain changes during the photocatalytic reforming reaction of methanol. It

could be concluded that only a certain part of the introduced Pd was involved as cocatalyst in the
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methanol photocatalytic reforming reaction, and the really acting metallic Pd cocatalyst was
formed mainly in situ. To sum up, the herein presented data demonstrate that the use of Na -doped

g-CsNg is a prospective method to enhance the photocatalytic performance in hydrogen production.
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