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Carbon nitride based materials incorporating K and Na alkali ions were used as support(s) to deposit platinum.
The systems were tested in the photo-production of hydrogen using methanol as a sacrificial molecule. Tests
under UV and sunlight-type illumination conditions showed an important promoting effect of the alkali ions
irrespective of the illumination source characteristics. The measurement of the quantum efficiency was used to
quantitatively assess the performance of the catalysts. Outstanding results were obtained, particularly under

sunlight illumination. A complete characterization study of the materials was carried out to establish a structure-
activity link. This link correlates catalytic activity with the capture of charge carrier species by surface cyano
groups directly associated with the presence of alkali ions at the carbon nitride component.

1. Introduction

One of the modern materials showing high potential for photo-
catalytic applications corresponds to the graphite-like carbon nitride (g-
C3Ny). Graphitic carbon nitride consists of a graphite-like structure of
tris-z-triazine layers connected through amino groups [1,2]. As dis-
cussed in previous works, excellent electronic and chemical properties
as well as significant thermal stability have triggered the use of
g-C3Ny-based single or composite materials as catalysts for many
photochemical reactions [3,4]. The activity of carbon nitride materials is
commonly promoted with the help of metals such as Ag, Au, Pd or Pt
[5-7]. Among them, Pt-promoted semiconductors (and, particularly
carbon nitride) systems appears as a central catalyst that would find
utility for specific novel processes such as hydrogen production,
particularly using a free (“zero-cost”) energy source such as the sun [2,
8]. However, as happens with all photo-catalysts, the Pt-g-C3N4 system
requires improvement of its photo-catalytic properties upon all (UV and
visible) illumination conditions and a potential pathway corresponds to
the doping of the carbon nitride semiconductor. Specifically, in the case
of Pt-g-C3N4 materials, alkali doping (mostly using K and Na) has been
shown rather effective in promoting UV but also visible light activity [1,

* Correspoding authors.

2,4]. This has been ascribed to a multitude of physico-chemical factors
including effects in light absorption by bang gap decrease (i.e. increasing
visible light absorption), charge capture at surface positions and charge
recombination. Within this context, the appearance of specific surface
groups (mostly cyano groups, localizing charge) at carbon nitride
external layers has shown to positively interact with alkali (Na) doping,
affecting charge (electron) capture and recombination and boosting
significantly photo-catalytic activity [1,9,10].

This work aims to analyze the production of hydrogen from bio-
alcohols by Pt-loaded K/Na-containing carbon nitride materials. To
examine activity performance we measured and analyzed the quantum
efficiency values under UV and visible illumination conditions [11]. The
interplay between surface groups and alkali doping in Pt-g-C3N4 pow-
ders is addressed here from a novel perspective, attempting to establish a
structure-activity link that would unravel the physical origin of the
photo-activity.

2. Materials and methods

The gC3N4 based materials were prepared by thermal polymeriza-
tion of physical mixtures of dicyandiamide (Aldrich, 99%) and
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Potassium nitrate or Sodium bicarbonate (Aldrich, 99% and 99.5%
respectively). First, 10 g dicyandiamide were dissolved in water. Then,
the desired amount of KNO3 or NaHCO3 was added to the dicyandiamide
solution, heated, stirred and dried at 80 °C. The dry product was put in a
muffle and heated to 550 °C for 2 h. After grinding, a similar second
calcination step was carried out but in this case at 500 °C. A gC3N4
reference was obtained following the previously described process
without adding the alkali precursor(s). The co-catalyst was introduced
by a deposition method using a HpPtClg (Aldrich) solution. First, the
sample was suspended by stirring in a deionized water solution for 30
min. After that, the proper quantity of HoPtClg was added to the solution
(to get throughout the series a constant 0.4 mol. % of Pt on metal basis)
and kept stirring for 5 min more. The reduction was carried out using a
NaBH4 (Aldrich) aqueous solution (Pt/NaBH4 molar ratio 1/5). The final
solid was profusely rinsed with deionized water, collected by centrifu-
gation and dried at 80 °C. Chemical analysis (measured using atomic
emission with inductive coupled plasma (ICP-AES) using an Optima
3300DV Perkin Elmer spectrometer) provided a K/Na and platinum
content corresponding to the nominal ones of the samples with an error
of 3.6/2.9% and 2.4%, respectively. So, the samples were labeled as Pt/
xK-gCsNy or Pt/xNa-gC3N4 with x being the K/Na molar content (%) of
the synthesis. A Pt/ gC3Ny4 reference catalyst was also studied.

2.1. Characterization methods

The BET surface areas and average pore volumes and sizes were
measured by nitrogen physisorption (Micromeritics ASAP 2010). XRD
profiles were obtained using a Seifert D-500 diffractometer using Ni-
filtered Cu Ka radiation with a 0.02° step. The particle sizes were esti-
mated using XRD using the Williamson-Hall formalism [12]. UV-vis
diffuse-reflectance spectroscopy experiments were performed on a Shi-
madzu UV2100 apparatus using nylon as a reference and the results
presented as Kubelka-Munk transform [13]. Band gap analysis for the
gCsNy indirect gap semiconductor was performed following standard
procedures; e.g., plotting (hva)® (n = % or 2 for indirect or direct
semiconductor; hv = excitation energy, a = absorption coefficient) vs.
energy and obtaining the corresponding intersection of the linear fit
with the baseline [14]. Transmission electron microscopy (HRTEM)
images were recorded on a JEOL 2100F TEM/STEM microscope. Particle
size distributions of the noble metal were obtained counting more than
250 particles in all cases. XPS data were recorded on 4 x 4 mm? pellets,
0.5 mm thick, prepared by slightly pressing the powered materials,
which were outgassed in the prechamber of the instrument at room
temperature up to a pressure <2 x 107> Pa to remove chemisorbed
water from their surfaces. The XPS spectra of the samples were recorded
using a SPECS® spectrometer with a PHOIBOS® 150 WAL hemispheri-
cal energy analyzer with angular resolution (<0.5 degrees), equipped
with an XR 50 Al-X-ray and p-FOCUS 500 X-ray monochromator
(Alexcitation line) sources. Samples were first degassed at 10~% mbar in
the pretreatment chamber before being transferred to the analysis
chamber, where residual pressure was kept below 5 x 10~° mbar during
data acquisition. The binding energies (BE) were referenced to the C 1s
peak (284.8 eV) to account for charging effects. Surface chemical
compositions were estimated from XP-spectra, by calculating the inte-
gral of each peak after subtraction of the “S-shaped” Shirley-type
background [15] using the appropriate experimental sensitivity factors
and the CASA-XPS (version 2.3.15) software.

2.2. Photo-catalytic experimental and computational details

Gas-phase reaction was carried in a continuous flow annular pho-
toreactor containing ca. 0.3 mg cm ™2 of photocatalyst as a thin layer
coating on a pyrex tube. The scheme of the reactor is shown in Fig. S1 of
the Supporting information section. After degassing the line with Ar, the
flow was settled down to 10 mL min~! and stabilized before reaction. A
3:7 MeOH/H,0 mixture was achieved with a carrier having saturated

26

Catalysis Today 394-396 (2022) 25-33

water content. Water was injected with a syringe pump and the corre-
sponding methanol content using a saturator at controlled temperature.
Photocatalytic experiments were carried out under UV-A light irradia-
tion (Philips BLB F6T5; 6 W) or sunlight irradiation (Philips TL54-765;
6 W). In both cases, four fluorescent lamps symmetrically positioned
outside the photo-reactor were used (see configuration at Supporting
information section, Fig. S1, Section 1). Reaction rates for hydrogen
production were evaluated under steady-state conditions, typically
achieved after ca. 2 h from the irradiation starting. The concentration of
the reactants was analyzed using an online gas chromatograph (Agilent
GC 6890) equipped with HP-PLOT-Q/HP-Innowax columns (0.5/0.32
mm LD. x 30 m) and thermal conductivity and flame ionization de-
tectors. The absence of catalytic changes was confirmed in the following
24 h of operation.

Considering that two electrons are required to reduce two protons
and thus to produce one H; molecule, the Quantum Efficiency is
calculated as Eq. 1, dividing the reaction rate (r: mol m~2 s~ 1) with the
averaged superficial rate of photon absorption (< e** >: Einstein m ™2
s_l) [[11]. Details of the calculation are presented in Section 1 (Reaction
set-up and Quantum Efficiency) of the Supporting information file and
fully described in Refs. [16,17].

2xr
< et >

n,(%) = 100 x [¢))

3. Results and discussion

The catalytic performance for hydrogen photocatalytic production is
presented in Figs. 1 and S2 for the two illumination sources here utilized,
UV and sunlight-type. Our materials show activity under both UV and
visible illumination. The presence of alkali ions at the carbon nitride
increases the activity significantly. This is observed as measured using
the reaction rate and the quantum efficiency observables. Optimum
activity is always reached using the sample with a nominal (initial)
concentration of 4 mol. % of the alkali ion. Thus, in both series (K and
Na) we can find an optimum alkali content maximizing activity under all
illumination sources here studied. Stable operation of the most active
samples for relatively long time on stream periods is shown in Fig. S2. As
a quantitative measure of the enhancement with respect to the Pt/gCsN4
system, we can mention that K enhances the quantum efficiency by a
factor 1.9/2.5 under UV/sunlight-type illumination, while the corre-
sponding values for Na are 2.2/2.9 (Fig. 1). These measurements allow
to quantify the quantum efficiency expected using the AM1.5 solar
standard, a fact not feasible using the reaction rate nor the apparent
quantum efficiency. Using the corresponding light intensity distribu-
tions of our illumination source and the AM1.5 standard [16], a strong
promoting effect (with respect to the bare carbon nitride) of 2.4 (K) and
2.8 (Na) times is thus obtained.

In first place, the characterization of the materials attempted to
analyze alkali ions presence in the carbon nitride based materials using
ICP-AES. The real loading of the powders are presented in Fig. S3 of the
Supporting information section. Linear correlations are obtained be-
tween theoretical (synthesis conditions) and real loadings of our mate-
rials. For the same initial (synthesis) alkali molar concentration, this
figure allows to infer that the K (real) loading is lower than the one of Na
by a nearly constant value of ca. 2.6 times. The size of the alkali ion
would critically control the alkali loading process into the carbon nitride
structure [18].

Fig. 2 displays the XRD patterns of the Pt/gC3N4 reference and the
Pt/x(K/Na)-gC3N4 samples. All diffraction patterns show the typical
profile of the graphitic C3N4 layered structure, dominated by the
interlayer-stacking (002) reflection. Additionally, the (100) reflection,
related to the intralayer structural packing motif of tri-s-triazine units, is
detected in all samples at around 13.1 degrees [2,19]. Absence of sig-
nificant changes in these two graphitic C3N4 XRD peaks can be noticed
among samples. This suggests that the alkali-containing species do not
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Fig. 1. Reaction rate and quantum efficiency for hydrogen photo-production using Pt/x-gC3N4 (x = K, Na) and Pt/gC3Ny reference materials. Results for UV and

sunlight-type (SL) illumination conditions are presented.

alter to a significant degree the supports structural properties. The IR
analysis (presented in Figs. 2, S4 and S5) also provides a similar
conclusion. Fig. 2 also contains the IR spectra of the samples in the ca.
1800-800 cm ™! range. In this frequency region, we can observe peaks
associated with stretching modes of CN heterocyclic moieties (ca.
1700-1200 cm™!) and the distinctive breathing mode of tris-s-triazine
(peak at ca. 815 cm’l) [2,5]. Absence of differences among samples
can be noticed, reinforcing the idea of the small structural changes
originated by the presence of alkali atoms in the carbon nitride support.

The rather stable and non-perturbed structural properties of the
carbon nitride component demonstrated by the combined XRD-IR
analysis along the (alkali-containing) series of samples can be corre-
lated with the similar morphological observables presented in Table 1
for all catalysts. In particular, the BET area of the reference sample is ca.
16 m? g~ ! while those of the (alkali containing) samples oscillate
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between 16 and 17 m? g L. So, a near negligible variation of surface area
as well as other morphological properties (pore size and volume, see
Table 1) would take place and is likely attributable to a limited effect of
alkali ions, indicating a marginal differential effect in the adsorption of
the reactants with respect to the Pt/gCsN4 reference. These mild
morphological effects appear independent of the nature of the alkali
cation.

XPS renders information about the K and Na cations located at the
support. The low quantity of K species (Fig. S3) complicates the char-
acterization using XPS (see the poor signal presented in Fig. 3). We can
only observe a broad bump in the XPS spectra of the corresponding
samples. The signal intensity in the region between 292 and 293.5 eV is
indicative of the K(I) chemical state [20,21], although we cannot
ascertain its local environment. For Na we can see a 1s signal centered at
1071.5 eV, characteristic of Na(I) in carbon nitride based samples [20,
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Fig. 2. XRD patterns and infrared spectra of Pt/x-gC3N, (x = K, Na) and Pt/gC3N, reference materials.

Table 1
BET surface area, pore volume, pore size and band gap values for initial (fresh)
and post-reaction (post) samples®.

Catalyst BET surface area  Pore volume Pore size Band Gap
(fresh/post; m? (fresh/post; cm® (fresh/post; (fresh/post;
g™h g™h nm) ev)

Pt/gCsNy 16/17 0.066/0.066 21.7/21.8 2.67/2.68

Pt/3K- 16/16.5 0.070/0.069 21.3/21.3 2.66/2.67

8C3Ny

Pt/4K- 17/17 0.066/0.067 20.0/20.1 2.65/2.67

8C3N4

Pt/5K- 17/17 0.059/0.060 17.2/17.1 2.65/2.66

8C3Ny

Pt/3Na- 16/16 0.070/0.069 23.4/23.2 2.68/2.64

8C3Ny

Pt/4Na- 17/17.5 0.075/0.073 20.8/21.0 2.68/2.65

8C3Ny

Pt/5Na- 16/16 0.066/0.067 23.5/23.5 2.68/2.65

8C3Ny

2 Average Standard Error: BET surface area 1.6 m? g~'; Band gap 0.03 eV.

21]. In this case, the higher quantity of alkali facilitates the detection of
the signal. The case of K cannot be ascertained using XPS (see Fig. 3) but
for Na the Na/(C+N) atomic ratio takes values of 0.15/0.20/0.24 at%
for Pt/3Na-g-C3Ny4/ Pt/4Na-g-C3N4/Pt/5Na-g-C3sN4. These values are
rather low compared with those coming from chemical analysis (from
the Na content of the Pt/xNa-g-C3N4 samples presented in Fig. S3 we can
calculate Na/(C+N) values higher by 2.4-3.1 times). The important
difference between the alkali content detected using XPS and chemical
analysis clearly indicates the preferential presence of such cations at the
bulk of the material. Due to the absence of changes in C/N XPS signals
(results not shown), the alkali cations would be likely at interlayer
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positions (and not substituting C or N atoms at layer positions), inter-
acting through electrostatic forces with the carbon nitride layers.

XPS was jointly used with microscopy to carry out the analysis of the
supported metallic phase. Fig. 3 contains plots of the Pt 4f peak region
for representative samples (most active K/Na-containing samples) under
study. The fitting of the spectra showed the presence of metallic Pt (4f,2
at ca. 70.9 £ 0.2eV for all samples), Pt(OH)s (4f;2 at ca. 72.35
=+ 0.05 eV) and PtO (4f;,2 at ca. 73.85 =+ 0.05 eV) type species [20].
These platinum-containing species binding energies displayed rather
similar values among all (present in Fig. 3 as well as other) samples.
Also, a similar concentration of the corresponding Pt species is
encountered in all catalysts, providing evidence of the equal (average)
oxidation state of the noble metal throughout the series of samples. This
fact would additionally indicate that the dominant Pt zerovalent phase
(ca. 70% according to XPS) is surrounded by oxidized species, located at
the external (surface and near surface) region of the noble metal
particles.

Low and high magnified micrographs of the selected catalysts are
presented in Fig. 4 for the most active Pt/x(K,Na)-gC3N4 samples. All
materials show a finely dispersed metallic phase, homogeneously
distributed over the typical laminar morphology of the support, the
carbon nitride component. The particles have round, spherical shape.
Analysis of platinum primary particle was carried out and the corre-
sponding particle size distributions obtained are presented in Fig. S6 of
the Supporting information. The average noble metal particle size takes
a value of ca. 3.9 nm for the bare carbon nitride support, and takes
values in the 3.9-4.3 nm range for the rest of the samples. This nearly
constant average primary particle size value agrees well with the pre-
vious results of the noble metal dispersion obtained from XPS. Both
techniques confirm the rather similar noble metal phase supported in
our samples in terms of primary particle size and oxidation state. The
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Fig. 4. Low and high magnification TEM micrographs of selected samples (A-C) Pt/4K-gC3Ny; and (D-F) Pt/4Na-gC3Ny.

characterization of the samples was completed with the analysis of the
optical properties using UV-visible spectroscopy oxidation state
(Fig. S7). Band gap values are all equal within the experimental error,
with an average value of 2.65 eV, typical of the support [2,22]. The
absence of band gap energy changes is also consistent with the absence
of major structural changes (and particularly presence of defects) in the
carbon nitride component [23]. Moreover, the joint analysis of band gap
with the valence band edge measured using XPS showed that both the
valence and the conduction bands of the materials only suffer minor
changes among the samples of the series. The valence and conduction
flat band potentials are thus equal among the samples of our series.
Summarizing the physico-chemical characterization, the catalysts dis-
played rather similar structural, morphological and electronic proper-
ties of the noble metal and carbon nitride components. As discussed
below, main differences appeared in the alkali-cyano group interaction.

In order to interpret photo-activity we initially utilized photo-
luminescence spectroscopy. Fig. 5 top and middle panels (A-D) corre-
spond to the photoluminescence spectra of the powders under UV and
visible excitation. Under UV the spectra show a single peak peaking at
ca. 490 nm, with the typical asymmetric shape previously observed by
many authors for carbon nitride based catalysts [2,5,22,24]. For visible
excitation, we observed the presence of small intensity shoulders cor-
responding to defect states on top of the decay curve corresponding to
the excitation [2,22,24]. Samples essentially differ in the intensity of the
signal irrespective of the illumination wavelength. As the photo-
luminescence intensity is directly proportional to the recombination of
charge after illumination, we can see that both alkali ions (K and Na)
decrease significantly the recombination with respect to the Pt/gC3Ny4
reference system. A direct relationship can be established with the
photoluminescence intensity (Fig. 5) and activity (Fig. 1). The minimum
of photoluminescence intensity corresponds to the sample having
maximum activity. Further increase of both K and Na leads to a less
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effective handling of charge carrier species and increasing photo-
luminescence intensity.

Some differences at the surface of the K and Na containing solids are
also relevant in this context. Figs. S4 and S5 the vibrational spectra for
the Pt/xK-gCsN4 and Pt/xNa-gCsNy series of samples, respectively. OH/
NH (ca. 3000-3600 cm’l), carbonyl (ca. 1715 em™!) and cyano (ca.
2000-2250 cm™!) groups are commonly observed at the surface of
carbon nitride materials prepared with the same precursor(s) here used
[10,25,26]. Main differences among our samples are limited to the
cyano groups. Considering this last species, an interesting point is the
presence of two species peaking at 2141 and 2176 cm™'. The first is
constant through the samples of the series (including the Pt/gC3N4) and
thus it is not related to the alkali presence, and a “difference spectrum”
(using Pt/gC3Ny as background) allows the quantification of the second
species. The integrated intensity of the subtraction is presented in
Fig. 5E for the different catalysts. The corresponding slopes show that K
generates a factor of ca. 3.1 times more surface cyano species (per atom)
than Na. This may result from the different chemical nature of the
precursor salts in the K/Na cases. The formation of (alkali-associated)
cyano groups was explained previously as a result of the transformation
of terminal amine (NHj) groups in cyano groups by reaction of the first
with OH" or other reactive species generated by the decomposition of the
alkali precursors [27].

As the detection of the K and Na activity maxima at different molar
concentrations does not apparently fit with the similar physico-chemical
behavior of the series of samples, in Fig. 5F we plotted the quantum
efficiency versus the cyano surface group number (measured using
infrared, Fig. S5E) we observed that the region of maximum activity
corresponds to a specific surface density of the mentioned surface group.
This appears independent of the illumination source and alkali nature
and is thus a general result describing the photo-production of hydrogen
for alkali-doped carbon nitride samples. The electron capture capability
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Fig. 5. (A-D) Photoluminescence spectra of Pt/X-gC3N4 (X = K,Na) and reference materials for two (UV, visible) excitation wavelengths. (E) Intensity of the cyano
group IR band as a function of the (real) K/Na content of the materials. (F) Correlation plot between quantum efficiency and alkali-related cyano group quantity
measured using infrared spectroscopy. Results for UV and sunlight-type (SL) illumination conditions are presented. Rectangles highlight zones of maximum activity.

of the cyano groups directly generated by the presence of alkali ions at
the support [10,25] seems critical to enhance the photo-activity of the
Pt/gC3N4 reference system. As recently demonstrated by Durrants
group, long lived electrons are essential to drive photo-production of
hydrogen in carbon nitride based systems, although excessive accumu-
lation would result in accelerated recombination losses and lower per-
formance [28]. This explains the presence of a maximum in a specific
region of surface cyano group concentration. Maximum activity occurs
at an optimum concentration of the surface cyano group, independently
of light wavelength and alkali cation nature. After this optimum
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concentration, the interaction between cyano entities is detrimental for
activity, likely by the negative energetic effects of localizing charge close
to each other. Note that the optimum concentration of cyano group
occurs at different nominal (and real) concentration of the alkali
promoter.

4. Conclusions

This work reports the preparation of K and Na containing carbon
nitride based semiconductors. They were used jointly with a Pt co-
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catalyst for the photo-production of hydrogen. The physico-chemical
characterization of the solids provides evidence at alkali cations are
located at bulk (interlayer) positions of the materials and that Na con-
tent of the materials is significantly higher than that of K (2.6 times for
the samples prepared using equal initial molar concentration). In spite of
the different alkali loadings, the series of samples displayed rather
similar physico-chemical properties in terms of the structural,
morphological and electronic properties of the carbon nitride and noble
metal components. Main differences among samples concern the num-
ber of cyano groups originated concomitantly with the alkali incorpo-
ration to the support. K generates ca. 3.1 times more surface cyano
groups per atom than Na.

The gas-phase photo-production of hydrogen was analyzed by
calculating the quantum efficiency of the process. Catalysis showed
stable activity under long time on stream periods. Maximum activity was
achieved for samples containing different quantities of alkali ions, a
1.0 mol. % of K and 2.6 mol. % of Na. Under sunlight illumination,
outstanding maximum quantum efficiency values of 2.4% and 2.8% for,
respectively, K and Na series were achieved. These values indicate the
suitability of the alkali incorporation to generate highly active carbon
nitride based materials for solar photo-catalysis. In order to interpret
activity we provided a structure-activity link. The study demonstrates
for the critical role of the specific cyano groups directly connected with
the presence of alkali ions in controlling activity. The optimum region of
cyano surface density is identified and associated, according to literature
reports, to an effective electron capture capability of these ad-species,
leading to a significant decrease of charge recombination as measured
using photoluminescence. This physico-chemical parameter controls the
recombination of charge after illumination and thus photo-production of
hydrogen irrespective of the alkali nature and illumination source,
indicating the generality of the result.
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