Received: 11 November 2019

Revised: 28 September 2020

W) Check for updates

Accepted: 10 November 2020

DOI: 10.1002/ep.13557

SUSTAINABLE ENERGY

ENVIRONMENTAL PROGRESS
& SUSTAINABLE ENERGY

Photocatalytic water splitting with noble-metal free
cocatalysts for a comprehensive study of two nonidentical
photoreactors designs

Jean César Marinozi Vicentini'
Fernanda de Oliveira Tavares!
Patricia Hissae Yassue-Cordeiro?
Maria do Carmo Martins Alves* |
Mara Heloisa Neves Olsen Scaliante® |

1Chemical Engineering Department, State
University of Maringd, Maringa, Brazil

2Chemical Engineering Department, Federal
University of Technology - Parand, Londrina,
Brazil

3Chemical Engineering and Food Engineering
Department, State University of Santa
Catarina, Pinhalzinho, Brazil

4Institute of Chemistry, Federal University of
Rio Grande do Sul, Porto Alegre, Brazil

SInstitute of Physics, Federal University of Rio
Grande do Sul, Porto Alegre, Brazil

Correspondence

Jean César Marinozi Vicentini, Chemical
Engineering Department, State University of
Maringa, Av. Colombo, 5790, Maringa, Parana,
CEP 87020900, Brazil.

Email: jcmarinozi@gmail.com

Funding information

Conselho Nacional de Desenvolvimento
Cientifico e Tecnoldgico; Coordenacao de
Aperfeicoamento de Pessoal de Nivel Superior

1 | INTRODUCTION
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Abstract

Here, the authors (i) discuss the most prominent co-catalyst for H, generation struc-
tured in the form of Me-TiO,/MCM-41 (Me: Ag, Co, Cu, Ni) based on structural,
electronic, textural, morphological and optical characterization techniques, such as
XRD, wide and small angle, XPS, Fourier-transform infrared spectroscopy, scanning
electron microscopy, B.E.T., textural analysis, photoacoustic spectroscopy and photo-
luminescence spectroscopy; and (ii) evaluate the difference in hydrogen production
in two distinct geometric reactors based on a theoretical study of light distribution
inside the reactors supported by the experimental quantum yield calculation. As a
result, copper-doped photocatalyst generated higher hydrogen amount compared to
the others. The high photocatalyst performance was due to the greater lamp spec-
trum absorption, marked by the low bandgap value, and high photoactivity justified
by the low rate of electronic recombination. The hydrogen generation in the quartz
reactor was seven times higher than the annular one, and when at maximum light
power, it is comparable to the most sophisticated reaction systems found in litera-
ture. The larger light exposure area per unit volume of the quartz reactor compared
to the annular one is the reason why it obtained better results due to the lower emit-
ted photon blockade, with a 1.81% apparent quantum yield.

KEYWORDS

hydrogen production, photocatalysis

411.7 ppm in the same period. With this aggravation, the develop-
ment of clean and sustainable technologies has become a recurring

According to the National Oceanic and Atmospheric Administration,
in July 2019, the historical average global temperature record was
considered to be the hottest month ever observed, reaching a mark of
16.7°C (62.11 °F). This is due, in fact, to the CO, concentration
increase in the atmosphere, which reached the historical mark of

theme on global meetings, and one of the most relevant themes in
environmental science is the mission of recovering our natural biodi-
versity and guaranteeing quality of life.

Hydrogen is a clean source of energy and it can be achieved from

different renewable sources, such as catalytic reforming of acids and
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alcohols,** and also from catalytic hydrolysis of sodium borohydride®
and water.*” Solar energy and water are potentially the most abun-
dant renewable energy sources available on the planet,**® so their
combination creates an environmentally friendly reaction mechanism
for the hydrogen production. Hydrogen production by catalytic pho-
tolysis of water is considered one of the most promising technologies
for producing this alternative energy source. The main water splitting
mechanisms for hydrogen production include photon absorption by
the active catalyst phase, electronic excitation from the valence band
to the conduction band, charges separation, and subsequent catalytic
reactions at the catalyst surface.'®

The low H, production efficiency achieved with titanium oxides
catalysts is due in particular to reasons such as: fast electronic recom-
bination (which leads to the unproductive energy dissipation by the
photocatalyst, causing its subsequent deactivation), low stability, slow
kinetics inhibiting industrial applications, rapid reverse reaction (lead-
ing to rapid products recombination back in water), and visible light
inefficient absorption.®1%1?2° |n this context, the use of cocatalysts,
as photosensitizers, aims to accelerate charge separation and electron
sequestration in order to reduce the electron recombination time,
increase the amount of available active sites and introduce intrinsic
defects, promoting the narrowing of the photocatalyst bandgap and
changes in its electronic and optical properties.é81118-20

More recently, it has been published that transition metals such
as copper, cobalt, and nickel may present a higher reaction yield of
hydrogen production than noble metals such as silver, palladium, and
platinum.*®%821 This higher yield is justified by the large capacity of
these metals to sequester the photoexcited electrons allowing them
to remain longer time for reaction, since when combined with TiO,
they reduce the bandgap energy.?? These metals are less expensive
and offer greater advantage when compared to noble metals. Using
2% Co/TiO,, for example, 77.8% of the total H, obtained using 1%
Pt/TiO, catalyst was achieved®; similarly when using 8% Cu/TiO,
obtained a production 20 mmol(H,)h™ g=+*2 which is greater than
using 2%Au/TiO, (2.7 mmol g~* h™%) and 1%Pd/TiO, (2.1 mmol g°
T h 128 0r 0.96 gL ™! of 0.6% Pt/TiO, (6000 pmol).24 Another example
is the Ni/TiO, catalyst, which presents a yield compared to noble
metals, of approximately 26 mmol(Hy)g™ h™125 greater than
910 pmol(H,)g™t h™t achieved for Ag/TiO, 2

The impregnation on supports, besides giving a greater specific
area, stability, and recyclability to the catalyst, can also act in synergy
with cocatalysts, acting in the reagents adsorption, and in the trans-
port and sequestration of charges.}7:810212728 The MCM-41 (Mobil
Composition of Matter, number 41) belongs to the ordered material
family M41S and the symmetry group pémm.2?3! The MCM-41 is
formed by a hexagonal mesoporous arrangement and has a parallel
porous system and linear one-dimensional defined channels.**° The
MCM-41 mesoporous arrangement is achieved by calcination of the
material obtained by polycondensation of the silanol groups, formed
after the pH reduction, of the alkaline anions silicate solution and
polymeric surfactant cations.3? It is a typical low acidity mesoporous
molecular sieve, which justifies the fact that it is subjected to surface

modification by metallic impregnations to increase the acidity for

applications requiring such surface characteristics.>® Active phase and
supports may have a cooperative effect on the reactions employed,
however, there is a concentration of the active phase and a concen-
tration of the impregnated catalyst that is considered ideal for applica-
tion. Ideal catalyst concentrations are an important factor for
photocatalytic reactions, as catalyst insufficiency and excess can com-
promise not only reaction efficiency but the material and operating
COStS.6'8'10'19'20'27'31

The catalyst composition and the experimental reaction condi-
tions such as temperature, pressure, catalyst concentration, active
phase, or sacrifice agents are factors that can fluctuate the photo-
catalytic reaction yield. Other factors such as the geometry, com-
position of the reactor's inner walls, type, and arrangement of the
radiation source and catalytic solutions' optical properties are also
very important since they are variables that influence light distri-
bution in photocatalytic reactors. In other words, it influences how
the catalyst will be dispersed in the reaction medium, to what
extent the irradiation will be absorbed by the catalyst surface, and
how the photons will be harnessed for the electron/hole pairs
generations.18343%

Light distribution in the reactor is the basis of design parameters
for photocatalytic reactors, such as local volumetric rate of energy
absorption (LVREA) profiles, which refer to the amount of radiation
absorbed by the photocatalyst particle per unit of time and volume.
LVREA profiles are widely used in the literature to determine the opti-
mal photocatalyst concentration to avoid dark zone formation since it
is clear from their direct relationship that a possible increase in cata-
lyst concentration can affect light penetrability in the reaction
medium.*?34-%? According to the authors, the LVREA profile when
evaluated on the photoreactors' radial axis indicates an exponentially
decrease as it approaches the inner wall of the reactor, that is, when
most of the photons are being absorbed or scattered closer to the
|amp.34—36

There are few studies comparing the effect of the catalyst on
hydrogen production under the same operating and experimental con-
ditions in reactors of different geometries. Koci and coauthors investi-
gated the effect that the reactor geometry exerts on catalytic CO,
photoreduction in reaction yield. They concluded that the best reac-
tion performance is obtained in batch reactors, with the radiation
source tangent to the liquid phase and unimpeded mechanical agita-
tion, favoring these reactors over the annular ones. The fluid move-
ment in annular reactors is not good, causing a non-uniform catalyst
concentration throughout the volume and consequently a less effec-
tive light absorption by the photocatalyst.*°

This work aims to further extend the literature regarding a
detailed and well-referenced comparative experimental study
between two distinct geometry reactors in the H, production from
water splitting under the same experimental and operational condi-
tions of temperature, pressure, catalyst, sacrificial agent concentra-
tion, catalyst compositions, and light source. And also seek to
evaluate by the use of several characterization techniques, which of
the metals (Ag, Ni, Cu, and Co) is the best doping agent on binary cat-
alyst Ti/MCM-41 for hydrogen generation.
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2 | MATERIALS AND METHODS

Titanium (V) isopropoxide (Ti[OCH[CH3],]4, 97%, Sigma-Aldrich, CAS
N° 546-68-9), ammonium hydroxide (NH4OH, 28-30%, Anidrol, CAS
N° 1336-21-6), hexadecyltrimethylammonium bromide (CTAB,
CH3(CHy)15N(Br)(CH3)s, min. 99%, Sigma-Aldrich, CAS N° 57-09-0),
tetraethyl orthosilicate reagent grade (TEOS, Si[OC,Hs]4, 98%, Sigma-
Aldrich, CAS N° 78-10-4), copper (Il) nitrate (Cu[NO3],.3H,0,
99-104%, Sigma Aldrich, CAS N°: 13778-31-9), cobalt (Il) nitrate (Co
[NO3]5.6H,0, min. 98%, Dindmica, CAS N°: 10026-22-9), silver
nitrate (AgNQO3, min. 99%, Sigma-Aldrich, CAS N°. 7761-88-8), nickel
(I) nitrate  (Ni[NO3]».6H,O, 98-102%, Dindmica, CAS N°:
13478-00-7), isopropyl alcohol (C3H,OH, min.99.5%, Synth, CAS N°
67-63-0), ethyl alcohol (CH3CH,OH, min. 99.5%, Synth, CAS
N° 64-17-5), N, gas (purity >99.997%, 4.8, Messer group).

3 | CHARACTERIZATION

The photocatalysts synthesis was described in the Supplementary
Material. The prepared photocatalysts were characterized by wide
(40 kV, current of 30 mA, range of 10-80°, velocity of 2°/min, step of
0.02°) and small (range of 0°-8°) X-ray diffraction (Shimadzu LabX XRD
6000), photoacoustic spectroscopy (PAS, detailed technical information
in the Supplementary Material), scanning electron microscopy
(Microscopy Quanta 250, Oxford Instruments, 20 kV, spot 3.5, 45 s of
gold sputtering) and energy-dispersive X-Ray spectroscopy (EDS,
Microscopy Quanta 250, Oxford Instruments, 20 kV, spot 4, 45 s of
gold sputtering), Fourier-transform infrared spectroscopy (FTIR, Varian,
KBr pattern, 16 scans, 4 cm™* resolution, 5 kHz, 4000-400 cm™2), tex-
tural analysis (detailed technical information in the Supplementary
Material, Micromeritics ASAP 2020), photoluminescence spectroscopy
(PL, Perkin Elmer LS45, excitation at A = 250 nm, optical filter type high
pass at A = 320 nm, slot width of 10 nm and velocity scan of 100 nm/s)
and X-ray photoelectron spectroscopy (XPS, detailed technical informa-
tion in the Supplementary Material).

4 | PHOTOCATALYTIC REACTION
The photocatalytic water splitting was conducted in two distinct

reactors.

1. Annular reactor designed by Enzweiler and coauthors® (Figure S1 in
the Supplementary Material). Unlike Enzweiler and coauthors, here
the authors used an 18 W UV-C lamp (Model HNS L by Osram) as a
radiation source positioned in the reactor axis. The reactor had 10 cm
of inner diameter, and the lamp was protected by a 4 cm diameter
quartz tube. The liquid phase corresponded to 600 ml and the light
exposure area in contact with the solution was 101 cm?,
corresponding to an area/volume ratio (A/V) of 0.16 cm?mi~1¢

2. Quartz reactor (Figure S2 in the Supplementary Material). The
reaction system was designed for this purpose and comprised a

& SUSTAINABLE ENERGY

system that could combine up to three 18 W UV-C lamps (Model
HNS L by Osram) arranged in an anodized aluminum refractory arc
external to the reactor. The liquid phase corresponded to 30 ml
and established a thin layer of 1.3 cm corresponding to an illumi-
nated area exposition of approximately 96 cm? and an A/V of

3.2 cm’ml2.

Although the quartz reactor had a smaller volume, it had an A/V
20 times greater than the annular reactor, without higher energy
costs, considering the quartz reactor has only two lamps more than
the annular one. And since the reaction is photocatalytic, greater light
exposure tends to offer greater efficiency for the catalysts in the
reaction.

In both systems, the catalysts were dispersed in an aqueous etha-
nol solution (10%), corresponding to an excess of sacrificial agent,° at
a catalyst concentration of 1 g/L (Dp < 0.35 mm). The catalysts com-
positions were 1%Me/20%TiO,/MCM-41 (Me = Ag, Co, Cu, Ni) and
their syntheses are placed at Supplementary Material. The reaction
medium was previously purged with nitrogen for 20 min to remove
oxygen and kept at 25°C during the 4 h irradiation period. Hydrogen
production was measured at regular intervals of 1 h using a Trace GC
gas chromatography and Carboxen™ 1000 capillary column with ther-
mal conductivity detector.

5 | RESULTS AND DISCUSSION

5.1 | Materials characterization

Low angle X-ray diffraction patterns of pure MCM-41 and titanium
dioxide catalyst were obtained to evaluate the matrix mesoporous
structure (Figure 1). The synthesis of MCM-41 has been successfully

—MCM-41
~—TiIIMCM-41
©
2
=
w
c
2
c
I T I T T T T I T T
0 1 2 3 4 5 6 7 8
2Theta
FIGURE 1 Small angle XRD patterns from MCM-41 and

Ti/MCM/41 catalyst [Color figure can be viewed at
wileyonlinelibrary.com]
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performed since the hexagonal ordering of the mesoporous structure
can be confirmed by three characteristic signals comprised in the
bands at 20 = 2.4°, 4.1°-4.2°, and 4.9°-5.1°, which are indexed to
plans (100), (110), and (200).1+21:28-31.33.41-44
According to MCM-41 diffractograms collected before and after
TiO, impregnation, no peak displacements were observed, indicating
that the impregnation process did not promote any structural modifi-

cation in the mesoporous support,2?-31:45-47

with only a decrease in
relative crystallinity in the diffraction signal intensity of the plane
(100). One may notice that the decrease in relative crystallinity,
accompanied to the larger broadening of this plane, confirms that
TiO5 incorporation contributes to the formation of large MCM-41
crystal particles during the catalyst synthesis.2?#82127 Since larger
particles were obtained, a leak of porosity might also occur.

According to small-angle XRD patterns (Figure 2), for metallic
photocatalysts, it was possible to observe that there were peaks that
disappear at low-angle and it is suggested, therefore, that there was
an insertion of these metals in the structure of MCM-41, except for
Ag-Ti/MCM-41. For the catalyst impregnated with silver, the MCM-
41 plane was observed (Figure 2), so it suggests that the silver prefer-

ably remained on the molecular sieve surface. Wide-angle XRD

— Ag-TIIMCM -41
——Co-TilMCM-41
Cu-TilMCM -41
— Ni-Ti/M CM-41
=
=)
=
w
c
§C]
E=
1 ol 1 . I . I T 1
2 3 4 5 6
2T heta
FIGURE 2 Small angle XRD patterns from Ag, Co, Cu, and Ni

cocatalysts decorated on Ti/MCM-41 catalyst [Color figure can be
viewed at wileyonlinelibrary.com]

patterns were shown in Figure S3 in the Supplementary Material indi-
cating the anatase-phase of TiO, and others observations.

The MCM-41 specific area is 1275 m?/g, close to the value found
by Cakirylmaz et al. and Nejat et al.>'? According to Table 1 of tex-
tural analysis it was possible to see a decrease in the catalyst specific
area due to the metal impregnation method.>*1%2 Unlike the specific
area, pore diameter increased after metal impregnation, caused by
clogging of smaller pores and subsequently increasing the mean parti-
cle diameter.2”3! The higher pore volume of the Ag-Ti/MCM-41
catalyst compared to the others matches with the discussion about
low-angle XRD (shown in Figure 2), which was the only photocatalyst
that indicated the peak of MCM-41, due to the metal external surface
recovering, that may contribute to additional porosity formation, as
observed by textural analysis, but not observed from the other metals
impregnation. In general, a good catalyst distribution on molecular
sieve surface could be concluded from EDS spectra at Figure Sé6 pres-
ented in the Supplementary Material.

Surface properties were analyzed by FTIR (Figure S7a in the Sup-
plementary Material) to identify the functional groups present in all
prepared bands in the
3200-3600 cm™! and 1700 cm™? present in all samples are attributed
to the hydroxyl group stretching mode (physiosorbed and coordinated

samples. The absorption range of

water, respectively) and the possible presence of moisture in the sam-
ples, which may be due to the KBr humidity.1>27-31:424348 Ahsorption
bands in the range 1030-1080 cm™? are asymmetric stretching vibra-
tions of Si-O-Si bonds and bands between 780-805 cm™ are due to
symmetrical stretching vibration of Si-O-Si bonds.1?2128:29:31:42:43,48
Bands in the 450-470cm™ range are due to Si-O bending
vibration 212743

Based on the FTIR spectra, the widening of the vibration band in

the corresponding 962-970 cm™!

range observed in the spectrum
after metal loading may be due to Si-O-M vibration (M = Ti, Cu, Co,
Ag, and Ni).2%2942 |t was also observed a red-shift from 805 cm™! to
800, 796, 790, 798 e 796 cm™ 1, referring to the asymmetric stretch
vibrations Ti-O-Ti, Ti-O-Ni, Ti-O-Cu, Ti-O-Co, and Ti-O-Ag, respec-
tively.2%%?  Blue-shifts were also identified from 466 cm™ to
453, 450, 453, 450, 451 cm™? and they would describe as stretching
mode for Ti-O, Ni-O, Cu-O, Co-O and Ag-O, in order.*? All wave-
length shifts were represented by dashed vertical lines in
Figure S7a. These observations may suggest that metals were bonded
to the MCM-41 structure, surface or not, as suggested by the XRD
discussions from those catalysts after impregnation with Cu, Co, and

Ni, that evidenced the disappearance of the MCM-41 low angle

TABLE 1 Textural parameters and

Catalyst B.E.T. (m?/g) Pore volume (cm®/g) Dp (nm) Bandgap (eV)
bandgap energy values from prepared

MCM-41 1275 0.631 1.98 4.37 catalysts

Ti/MCM-41 871 0.570 2.62 3.18

Cu-Ti/MCM-41 859 0.537 2.50 2.88

Co-Ti/MCM-41 832 0.490 2.35 3.11

Ni-Ti/MCM-41 910 0.552 243 3.14

Ag-Ti/MCM-41 1077 0.700 2.60 3.07
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FIGURE 3 Controls tests for H2 production (umol(H2)g-1)
realized at an annular reactor./Legend: [catalyst]: 1 gL'%; V: 0.6 L
ethanolic solution 10% (m/m); t: 4 h radiation time and one 18 W
UV-C lamp [Color figure can be viewed at wileyonlinelibrary.com]

planes. Although the low-angle planes of the molecular sieve did not
disappear into the catalyst impregnating with Ag, the insertion of this
metal in the structure was identified, in addition to the displacements
in the IR, also due to the greater porosity in the textural analysis, indi-
cating metallic bonding to the surface.

No peaks in the regions of 720-740 and 1400-1500 cm™?,
corresponding to the aliphatic C-H bond vibrations, and in the
2800-3100 cm™! range, relative to the aliphatic C-H stretch vibra-
tions, indicates the complete CTAB template removal which was used
as MCM-41 framework driver.*?

The addition of metals allowed the bandgap energy reduction
(Table 1) for all prepared catalysts when compared to Ti/MCM-41,
which shows absorption at a wavelength close to pure titanium.®1%>°
The displacement of the length was most evident in the copper
impregnated catalyst due to its better charge separation capability
(Work Function), or in other words, the copper metal-doped catalyst

formed an electron donor level at lower energy.>!

5.2 | Cocatalyst investigation

The hydrogen production tests began with the following control reac-
tions presented in Figure 3: (i) using a molecular sieve (MCM-41) to
prove that is not active on its own?; (i) a Ti/MCM-41 catalyst test to
clarify that titanium is the active phase of the material, (iii) a test with-
out a light source to prove that the reaction is photocatalytic, and for
lastly (iv) an experiment without a catalyst to prove that the reaction
is catalytic and heterogeneous. These reaction test arrangements
were chosen to demonstrate that the hydrogen production requires
the presence of UV light and photocatalysts. All control experiments
were performed using the ethanolic solution as a sacrificial agent, as it

is necessary to reduce the photogenerated holes in the photocatalyst

& SUSTAINABLE ENERGY
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FIGURE 4 H2 production by water splitting applying the as-
prepared photocatalysts./Legend: [catalyst]: 1 gL™%; V: 0.6 L ethanolic
solution 10% (m/m); t: 4h radiation time and one 18 W UV-C lamp
[Color figure can be viewed at wileyonlinelibrary.com]

valence band, serving as an antioxidant agent to reduce the electron
recombination rate because without this artifice, hydrogen production
will never achieve high yields.*81?

In compliance with results from H, generation while applying the
metal-doped photocatalysts (Figure 4), it can be seen that the use of
ternary photocatalysts markedly increased hydrogen production for
any cocatalyst applied. The use of transition metals as a doping agent
acted as an electrons trap, which reduced the likelihood of electronic
recombination and consequently improved reaction yield.> 81118

The best hydrogen production activity was obtained using the
Cu-Ti/MCM-41 catalyst (130 pmolH,g™1). Copper nanoparticles
exhibit, within the range of observed values, greater charge separation
when compared to the other cocatalysts used, and thus tends to form
the Schottky barrier, which encourages the migration of electrons
from TiO, to the cocatalyst, and the holes remain unchanged, thus
delaying electronic recombination.”>? In addition, hydrogen produc-
tion is directly related to the bandgap value, that is, a higher genera-
tion of H, is observed because of the lower bandgap value, which
provides greater absorption of the lamp's electromagnetic spectrum
(Table 2).

Figure 5 shows the high resolution XPS spectra for the Cu 2p3/,
O 1, Ti 2p, and Si 2p regions collected from the samples 1%Cu/20%
TiO2/MCM-41 and 20%TiO,/MCM-41. As expected, the copper sig-
nal was only observed for the sample containing 1% of Cu, and the
chemical components related to Cu™ (9345 eV) and Cu™t
(932.1 eV)191352 \were found at the Cu 2ps,, region. Based on the
fitting results, one may infer that Cu*? corresponds to 94% of the cop-
per species located at the catalyst surface. This is in line with what
was observed in the EDS and in the textural analysis, which indicated
the presence of copper on the MCM-41 surface. The Cu*l/Cu0
reduction potential is higher than Cu?*/Cu®, indicating that the photo-
excited electrons preferentially migrate to Cu,O than to CuO,
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XPS spectra for the Cu 2p3/5, O 1's, Ti 2p and Si 2p regions collected from the samples Cu-Ti/MCM-41 and Ti/MCM-41 [Color
figure can be viewed at wileyonlinelibrary.com]

resulting in better efficiency in charge separation and greater effect
on the production of hydrogen for Cul* in Cu-Ti/MCM-41.191% The
O 1 s region allowed the observation of two distinguishable peaks
corresponding to the O-Ti and O-Si bonds from TiO, and SiO,>*

respectively. It is noteworthy that the presence of copper seems to
enhance the O-Ti component, but actually this is due to the contribu-
tion of O-Cu bonds in the O 1 s spectra, located approximately at the
same binding energy as the O-Ti bonds.>* In the case of the Ti 2p and
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Si 2p XPS regions, no changes in the oxidation states due to the pres-
ence of copper were noticeable, which presents the Ti*S, Ti*4, and
Si** chemical components with the same relative intensity for both
samples.

In Figure 6, the photoluminescence spectroscopy technique was
used to add to the discussion about the best doping metal in the photo-
catalytic efficiency of H, generation. In the spectra, the broad bands
correspond to the photocatalysts luminescence. The high luminescence
of Ti/MCM-41 binary catalyst reflects the difficulty of using catalysts
like that in photocatalytic reactions due to the high electronic recombi-
nation rate, which increases the catalyst deactivation velocity.?**
However, after metallic impregnation, a reduction in the intensity in the
luminescence spectra is noted, indicating that there was a reduction in
the electronic recombination rate for all doped metals.

The displacement of photocatalysts spectra after metallic impreg-
nation to longer wavelengths, observed in Figure 6, is justified by the
change in maximum-wavelength absorbed by the materials. This
change in absorbed wavelengths refers to the value of the bandgap
energy that is unique for each material, as indicated by the PAS (Table

TABLE 2 Apparent quantum yield values

Catalysts Reactor Lamps® AQY

Cu-Ti/MCM-41 Reactor A 1 1.19%
Co-Ti/MCM-41 Reactor A 1 0.28%
Ni-Ti/MCM-41 Reactor A 1 0.43%
Ag-Ti/MCM-41 Reactor A 1 0.71%
Ti/MCM-41 Reactor A 1 0.02%
Ti/MCM-41 Reactor B 1 0.08%
Cu-Ti/MCM-41 Reactor B 1 1.81%
Cu-Ti/MCM-41 Reactor B 2 1.81%
Cu-Ti/MCM-41 Reactor B 3 1.52%

218 W UV-C lamps varying from 1 to 3 lamps.

Excitation : 250nm

—— MCM-41

—— TiI/IMCM-41
Ni-Ti/MCM-41

—— Cu-Ti'IMCM-41
Co-Ti/MCM-41

—— Ag-Ti/MCM-41

—~ 400

200

Luminescence intensity (u.a

T T
500 600

Wavelength (nm)

T
400

FIGURE 6 Photoluminescence spectra from prepared catalysts
[Color figure can be viewed at wileyonlinelibrary.com]
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1 and Figure 7); therefore, the materials emit radiation only after this
specific wavelength.

The Cu-Ti/MCM-41 catalyst spectrum shows the lowest intensity
compared to the others, except when compared to Co-Ti/MCM-41,
indicating low energy loss in the electronic recombination process.
Otherwise stated, copper has better action on charge sequestration,
as expected by the nanoparticle work function, and thus delays elec-
tron recombination, allowing it to react with H* ions to form H»,
favoring better photocatalytic results.

The reason why the photoluminescence spectrum of the Co-Ti/
MCM-41 photocatalyst was less intense when compared to Cu-Ti/
MCM-41 is the luminescence resorption in the visible spectrum
region, identified by the greater color change presented by the mate-
rial, leaving it darker and reducing the intensity of the spectrum.g The
photoacoustic spectra shown in Figure 7 indicate that the metal-
doped photocatalysts exhibit absorption in the visible region, between
400 and 800 nm (dotted demarcated region), unlike MCM-41 and
Ti/MCM-41 binary catalyst that have almost no absorption in the
same region.** And this absorption in the visible region, found in
photocatalysts, is the reason for the reabsorption of photo-
luminescence in the same region, mainly in the spectrum of Co-Ti/
MCM-41, causing its low intensity.

The unequal behavior at the beginning of the photo-
luminescence spectrum between the steeper curve MCM-41 and
the smooth curve of doped catalysts (Figure 6) is due to the “high
pass” optical filter employed (A = 320 nm). The filter is necessary to
avoid the second harmonic of the excitation wavelength
(A = 250 nm) at 500 nm. This filter becomes useful because if it had
not been used in the second harmonic the intensity would go high
enough to overlap the entire spectrum of materials. The MCM-41
peak located at 660 nm represents the second harmonic of the
330 nm peak of the same sample, the same behavior is observed for
the other materials, but to a lesser extent due to the low signal. The
peaks marked with asterisks in all spectra are sinuosities from the
system (416, 481, and 522 nm), and are inherent of the equipment
itself, which is evidenced by the non-appearance of their second
harmonics at 832, 962, and 1044 nm.

Thus, the effects of the increased absorption spectrum (lower
bandgap), higher trapping electrons capability (greater work function),
good surface metal cocatalyst distribution (reported by EDS discus-
sion in the Supplementary Material) and major presence of the most
active oxidation state of copper, Cu'*, on catalyst surface (reported
by XPS discussions). All those observations delay the electrons recom-
bination rate from the catalyst, leaving them free on the surface to
promote redox reactions of water photolysis, ratifying the Cu-Ti/
MCMC-41 as the most photoactive catalyst in hydrogen generation
via water splitting studied in this article.

5.3 | Reactors comparison

In order to compare the geometry and reaction system of annular

(Reactor A) and quartz (Reactor B) reactors, the same catalyst (Cu-Ti/


http://wileyonlinelibrary.com

VICENTINI ET AL.

8of 11 I ENVIRONMENTAL PROGRESS
& SUSTAINABLE ENERGY

2.0 4 Cu-TiMCM-41
Co-TiMCM-41
= Ni-TI/MCM-41
——Ag-TiMCM-41
3 127 ——MCM-41
© e TI/MCM-41
>
pel
[0}
N
©
S
o
z
T T T T
300 400 500 600 700 800
Wavelength number (nm)
FIGURE 7 Photoacoustic spectroscopy for MCM-41 and

prepared photocatalysts [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 8 Comparison of H2 generation rate by photocatalytic
water splitting between annular (Reactor A) and quartz (Reactor B)
reactors./Legend: [catalyst]: 1 gL'%; V: 0.6 L (Reactor A) and 30 ml
(Reactor B) of 10% (w/w) ethanolic solution; t: 4 h of irradiation time
and irradiated by one 18 W UV-C lamp [Color figure can be viewed at
wileyonlinelibrary.com]

MCM-41) was employed in a test under the same temperature condi-
tions (25°C), pressure (atmospheric), radiation (one 18 W UV-C lamp),
catalyst concentration (1 gL™!) and sacrificial agent (ethanolic solution,
10% v/v). In Figure 8, the reaction rates of H, production were allo-
cated to the different reactors.

In conformity with Figure 8, it is seen that the quartz reactor
(Reactor B) has a hydrogen generation rate approximately seven times
higher than the annular reactor (Reactor A) operated under the same

experimental conditions. The four main observations that justify the

superiority or advantage of using the quartz reactor over the
annular are:

1. The first operational difference observed between the systems is
the perfect homogenization of reaction system A throughout the
time interval guaranteed by a magnetic stirrer. The fluid movement
plays an important role in a reaction system, as it provides a homo-
geneous distribution of reagents, pollutants, catalysts, temperature
and bubbles within the reactor, but it does not guarantee the
photoreactor isoactinicity, that is, the uniform light distribution in
the reactor volume.®¢%%5% The absence of agitators (reaction sys-
tem B) may be an advantage as it makes the cost less expensive
and facilitates the scale-up of photoreactor designs like quartz
ones with an external radiation source attached to a refractory
panel. Scaling-up photoreactors with an internal radiation source
and large agitators may require a lot of maintenance, hazardous
care, as well as elevated operating expenses such as baffle inser-
tion to avoid vortex formation, and also height increment of the
photoreactor to avoid dark areas with a diameter enlargement.®®

2. Reactor B has a smaller volume compared to Reactor A, approxi-
mately 90% smaller, and has a 1.3 cm thin layer of water, compris-
ing a light exposure area of approximately 96 cm?. Reactor A has a
light exposure area of 101 cm?, referring to the external area of
the lamp's protective tube in contact with the solution, which is at
a distance of 3 cm from the inner wall of the reactor. Even though
the area of light exposure is similar, the light distribution within
the photoreactors is the main reason why Reactor B obtained the
highest yield in hydrogen production. The higher ratio of light
exposure area to liquid phase volume (A/V) is the reason for the
best light distribution in reactor B, which indicates that the pho-
tons focus on 3.2 cm? per volume unit compared to 0.16 cm? of
Reactor A. Greater A/V ratio values also indicate that dark zones
are less likely to form inside the reactors. Photon blocking is the
major factor that causes the dark area inside the reactors. The light
block is caused by photocatalysts photons absorption, which sub-
sequently decreases the photocatalytic activity by not activating
them at that instant. The larger the volume to be penetrated by
light, the more likely it is that all photons will be absorbed before
they impact the inner wall of the reactor. This reasoning can be
easily understood by inverting the values of A/V to V/A, resulting
in 0.3 and 6.3 ml cm~2 for reactors B and A, respectively. The non-
formation of dark zones in reactor B is due to the fact that the
photoreactor is covered by a refractory material that allows light
to penetrate the entire volume of the thin layer of water on all
sides. This quartz tube reactor configuration is very close to the
quasi-isoactinicity presented by Brucato et al.>®

3. The quartz reactor allows the application of a higher catalyst con-
centration due to the higher exposure of light area per unit vol-
ume, making it a great economic advantage. The concentration of
1 g/L for annular reactor (10 cm inner diameter), can be considered
very high and it is very likely that dark regions were formed. It was

reported in the literature that LVREA profiles of annular reactors
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FIGURE 9 Evaluation of the maximum H2 generation from quartz

reactor (Reactor B) according to the number of lamps used. Internal
chart: H2 production rate./Legend: [catalyst]: 1 gL'%; V: 0.6 L (Reactor
A) and 30 ml (Reactor B) of 10% (w/w) ethanolic solution; t: 4 h of
irradiation time and irradiated by one 18 W UV-C lamp [Color figure
can be viewed at wileyonlinelibrary.com]

with smaller inner diameters like, 0.85, 2.6, 3.52, and 6.5 cm,

obtained optimal TiO, concentrations (1.0, 0.25, 0.14, and 0.4 g/L,

respectively) lower than that used in the present study.3#36-38

4. Another way to evaluate the differences in H, production of the
two photoreactors is by the apparent quantum vyield (AQY)
described in the Supplementary Material. AQY analysis compre-
hends the whole photocatalytic system, including the reactor
geometry and the radiation source information. The non-utilization
of all the photons emitted by the lamp (Figure S7b in the Supple-
mentary Material) is one of the reasons that a low quantum yield
was obtained (Table 2), besides light scattering. Photocatalysts
only absorb wavelengths less than or equal to the maximum wave-
length, relative to the bandgap energy value (Table 1), so longer
wavelengths are not used for electronic excitation (Figure S7b). In
agreement with Figure S7b, Cu-Ti/MCM-41 catalyst absorbs more
wavelengths from the lamp spectrum than other catalysts. The
higher quantum efficiency calculated for reactor B (1.81%) com-
pared to reactor A (1.19%) is a strong indication that it is advanta-
geous to design reactors with higher A/V ratios, not just larger
light exposure areas, as observed experimentally. Thus, the find-
ings complement Brucato's and coauthors' conclusions when they
described the shape of a quasi-isoactinic photoreactor, which is a
semi-infinite reactor with two plates separated by a short distance
and radiated on both sides.>®

When the full power of the arrangement of the lamps at Reactor B
is in use, hydrogen generation is even more prominent (Figure 9). With
two lamps, a production of 1372.2 pmol(H,)g.:~* was obtained in 4 h of
reaction, 1.7 times higher than the same reaction made with only one
lamp. Likewise, the reaction when performed with 3 lamps (maximum
luminous power) produced 2651.5 pmol(Ho)ges: 2 1.9 and 3.3 times

higher than with 2 and 1 lamps, respectively, the same which was

& SUSTAINABLE ENERGY

observed by Bednarczyh and coauthors, who reported that with an
increase light intensity there was an increase in hydrogen production.’

Unlike hydrogen production, the AQY did not increase with the
increase in the number of lamps used (Table 2). With the increase in
the number of lamps used there is an increase in the amount of pho-
tons emitted, on the other hand, the amount of catalyst remains the
same, that is, the whole active area for photon absorption has already
been irradiated and part of the emitted photons are not used for the
electronic excitation. It is noteworthy that the increase in catalyst
mass employed in the photocatalytic reaction is not a guarantee of
better yield in H, production since there is an optimum concentration
after which a formation of dark zones occurs, as discussed in the light
distribution inside the reactors.

The hydrogen production rates obtained in the quartz reactor varied
according to the set of lamps used (1, 2, and 3 lamps) (Figure 9) are, in
other units, 203.4, 360, and 686.4 pmoI(Hz)g'1 h™?, respectively, and are
higher than the average hydrogen production found in literature for qua-
rtz reactors.*® The main differences between the reaction systems found
in literature and this present work can be highlighted as:

1. Most methods use 300 W Xe lamps, a much higher wattage than
the ones used in the present study (maximum 54 W corresponding
to the use of three lamps of 18 W lamps each)®7;

2. Many methods have used noble metals in the composition of cata-
lysts, making the process more costly®®1¢;

3. Most of the cases applied sacrificial agents with more a-H atoms
adjacent to the hydroxyl groups, camouflaging hydrogen production
via water splitting to alcohols or mineralizing agents, which are con-
sidered more toxic and are employed in higher concentrations when

compared to the 10% ethanolic solution used in the present method.

6 | CONCLUSION

The Cu-Ti/MCM-41 photocatalyst proved to be the most effective in
generating hydrogen from photocatalytic water splitting, with a produc-
tion of 130 pmoIHzg‘1 and a quantum efficiency of 1.19% in 4 h of
irradiation. The lower bandgap energy value and the lower photo-
luminescence spectrum response indicated that the photocatalyst is
excited by most of the lamp emission spectrum and has the lowest
electronic recombination rate, respectively. The lower blockade of the
photons emitted by the lamp provided better results for the quartz
reactor, with a production of 814.2 umoIHgg_1 and a quantum effi-
ciency of 1.81%. Counterintuitively, a larger area of light exposure does
not guarantee higher yields under the same experimental conditions, as
the areas are close between the reactors. The higher A/V of the quartz
reactor indicates that in a volume unit, an area of 3.2 cm? is irradiated,
against 0.16 cm? of the annular reactor, having a better utilization of
the emitted photons, fact confirmed by the AQY, which introduces
effects of the geometry and light source information in the calculations.
In this way, the quartz reactor allows the application of higher catalyst

concentrations and simplifies the industrial scale-up design.
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