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The search for new energy sources together with the need to control greenhouse gas emissions has led to
continued interest in low-emitting renewable energy technologies. In this context, water splitting for
hydrogen production is a reasonable alternative to replace fossil fuels due to its high energy density
producing only water during combustion. Cellulose is abundant in nature and as residuals from human
activity, and therefore a natural, ecological, and carbon-neutral source for hydrogen production. In the
present work, we propose a sustainable method for hydrogen production using sunlight and cellulose as
sacrificial agents during the photocatalytic water splitting process. Platinum (Pt) catalyst activates
hydrogen production, and parameters such as pH of the system, cellulose concentration, and Pt loading
were studied. Using different biomasses, we found that the presence of hemicellulose and xyloglucan as
part of the molecular composition considerably increased the H, production rate from 36 pmol L™t in

. one hour for rapeseed cellulose to 167.44 umol L~* for acid-treated cellulose isolated from Ulva
iigggﬁ%ﬁtﬂ }]\::riirégg;s fenestrata algae. Carboxymethylation and TEMPO-oxidation of cellulosic biomass both led to more
stable suspensions with higher rates of H, production close to 225 umol L~%, which was associated with

DOI: 10.1039/d35e00109a their water solubility properties. The results suggest that cellulosic biomass can be an attractive
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1. Introduction

According to the International Energy Agency (IEA), global
energy demands increased by 4.6% during 2021, overcoming
the 4% decline in 2020 due to the economic slowdown attrib-
uted to the Covid-19 pandemic.* This has led to an increase in
the consumption of non-renewable energy sources like coal and
fossil fuels, increasing the concentration of carbon dioxide in
the atmosphere to over the threshold of 400 ppm. The share of
fossil fuels in the global energy mix has been around 80% for
decades.” Efforts are being made across the globe to replace and
reduce the use of fossil fuels by increasing the use of renewable
energies from solar photovoltaics to windmills and green H,
usage, amongst others. Hydrogen is one of the best candidates
to replace the use of carbon-based fuels and achieve total
decarbonization in maritime transportation,® aircraft,® road
transportation, and in heating of building and manufacturing
activities.® Not only due to its superior energy density (120 MJ
kg~ ' compared to 44 MJ kg~ " of gasoline) but also because the
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alternative as a sacrificial agent for the photocatalytic splitting of water for H, production.

only byproduct of combustion is water which would assist in the
reduction of greenhouse gas emission, water splitting for
hydrogen production is being extensively studied by
researchers.

Several methods to produce hydrogen have been developed
over the last decades. The most used commercial process is
steam methane reforming, which contributes to 80 to 85% of
global hydrogen production, followed by coal gasification and
electrolysis.®® Economical and efficient methods to produce
hydrogen where renewable energies like solar, wind, and
biomass are involved are attracting continued attention. The
use of solar energy for hydrogen production is considered the
most promising because of being an unlimited resource with
irradiation reaching 6 kW h m™2.° Water splitting via photo-
catalysis and photo/electro-catalysis began to attract attention
since Fujishima and Honda found that titanium dioxide (TiO,),
working as a photoanode, split water in a photo/electro-
chemical cell even when no current was applied.” It is well
known that semiconductors like titanium dioxide (TiO,),
cadmium sulfide (CdS), zinc oxide (ZnO), tungsten oxide (WO3),
etc., with band gaps around or lower than 3 eV are suitable for
oxidation allowing oxygen and hydroxyl radical
production.”™ ™ Photocatalyst stability in water solution is
another requirement for its implementations, and hence TiO,
has been extensively investigated as a photocatalyst due to its

water

Sustainable Energy Fuels, 2023, 7,1981-1991 | 1981


http://crossmark.crossref.org/dialog/?doi=10.1039/d3se00109a&domain=pdf&date_stamp=2023-04-07
http://orcid.org/0000-0002-1679-1316
http://orcid.org/0000-0002-0074-3504
https://doi.org/10.1039/d3se00109a
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3se00109a
https://pubs.rsc.org/en/journals/journal/SE
https://pubs.rsc.org/en/journals/journal/SE?issueid=SE007008

Open Access Article. Published on 21 March 2023. Downloaded on 2/20/2026 8:59:41 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Sustainable Energy & Fuels

ability to absorb light mainly in the UV range with exceptional
stability in a wide pH range."**®

Nevertheless, to solve the electron-hole recombination
problems, incorporating a co-catalyst like metal nanoparticles'”
or another semiconductor'®' acting as an electron scavenger to
lower the activation barrier for the reaction has been
studied.?*>* On the other hand, the addition of sacrificial agents
like sodium sulfide (Na,S), ethanol (C,HsOH), methanol
(CH30H), and different type of alcohols acting as hole scaven-
gers®>*® improves the separation of charges.” Even though
methanol or isopropanol has been extensively used as electron
acceptors during the photocatalytic water splitting process,?*>®
it is also a valuable resource and expensive fuel in the industry
by itself, limiting its economic viability. Cellulosic biomass is
a more reasonable alternative as a sacrificial agent, especially
since it is generally considered to be a carbon-neutral emission
source where the carbon dioxide absorbed during the plant
growth is then released during hydrogen production.*

Cellulose is plentiful in human-created residuals like straw,
tree branches, wastepaper, cotton waste, fruit peels, etc.,
making it a sustainable source to produce hydrogen. Lignocel-
lulose represents a major fraction of above 90% of all terrestrial
plant biomass (170 billion x 10° tons per annum). Lignocellu-
losic biomass contains cellulose (38-50%), which is composed
of linear chains of $-1,4 linked p-glucose units and is insoluble
in water, along with hemicelluloses (23-38%) and lignin (15-
25%). The current use of cellulose as a fuel precursor for
alcohol, sugar, and hydrogen production is based on complex
thermochemical processes like steam gasification, fast pyrol-
ysis, hydrolysis, and fermentation.**** Lignocellulose
biomasses can serve as sacrificial agents (electron donors) to
reduce e -h" recombination in a photocatalytic reaction
leading to a more efficient process since many organic
compounds like alcohols, polyols, sugar as well as organic acids
act as electron donors.** Electrons in a semiconductor can be
excited from the valence band (VB) to the conduction band (CB)
upon absorption of photons with energy higher than the band
gap. The photo-generated electrons and holes have certain
electrical potential and if the potential of the holes is positive
enough, they can oxidize water molecules according to two types
of reactions shown hereunder:*

2H,0 — O, +4H" +4e, E° =123V (1)
H,0 - 'OH+H"+e, E°=273V (2)

The reactions are reported together with the respective
potential vs. Standard Hydrogen Electrode (SHE) at which they
occur in acidic pH, labeled as E°. Reaction (1) requires
a considerably lower potential than reaction (2). Moreover,
while reaction (1) leads to the formation of O,, reaction (2) leads
to the formation of hydroxyl radicals “OH. The electrons on the
right side of both reactions are captured by holes generated in
the VB of the photocatalyst, leaving protons in the medium,
while photoexcited electrons are used to reduce such protons
according to the following reaction, resulting in the evolution of
H,:
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2H" +2 > H,, E°=0V (3)

The potentials needed for H,O oxidation and H, evolution
reactions are affected by the pH of the system.

Photocatalytic degradation of cellulose-containing biomass
can be a simple and promising path for hydrogen production by
utilizing cellulose and the created intermediates as sacrificial
agents, but only a few studies with this approach have been
reported in the literature.***® A comprehensive study of the
degradation of different types of biomasses with different
cellulose, hemicellulose, and lignin concentrations is limited.
In this work, we report photocatalytic hydrogen production by
using different sources of cellulose and cellulose derivatives as
sacrificial agents. TiO, and platinum (Pt) were used as a photo-
catalyst and co-catalyst, respectively. Parameters like pH, Pt
loading, and biomass concentration were studied to better
understand the hydrogen production mechanism and limita-
tions of using cellulosic biomass as a sacrificial agent.

2. Experimental

2.1. Materials

Titanium dioxide (TiO,) nanoparticles (commercial P25),
sodium dodecylbenzene sulfonate (SDBS), sodium borohydride
(NaBH,), sodium hydroxide (NaOH), sodium sulfide non-
ahydrate (Na,S-9H,0), bp-glucose (dextrose), and hexa-
chloroplatinic acid (H,PtCls) were purchased from Sigma
Aldrich Chemie GmbH (Taufkirchen, Munich, Germany).
Hydrochloric acid (HCl) and nitric acid (HNO;3) were from
Merck (Darmstadt, Germany) and terephthalic acid disodium
salt (TPA) and 2-hydroxyterephthalic acid (hTPA) from Tokyo
Chemical Industry (Zwijndrecht, Belgium). All the chemicals
were used as received and aqueous solutions were prepared
with deionized water (DI water).

Table 1 shows different types of cellulosic biomasses studied
in this work, including bleached and un-bleached lignocellu-
lose extracted from rapeseed straw, o-cellulose from spruce,
cellulose extracted from U. fenestrata algae, acid-treated cellu-
lose extracted from U. fenestrata algae and TEMPO (2,2,6,6-
tetramethylpiperidine-1-oxyl radical)-oxidized CNF (cellulose
nanofibers). These celluloses were prepared according to the
processes described in the references shown in Table 1 except
for sodium carboxymethyl cellulose (CMC-Na) that was
acquired from Carl Roth, and had an average degree of substi-
tution of 0.8.

2.2. Photocatalyst preparation

As received, P25 TiO, was covered with platinum nanoparticles
(Pt NPs) following a modified version of the procedure reported
by Yao et al.****® In brief, 120 mg of sodium dodecylbenzene
sulfonate (SDBS) surfactant was dissolved in 30 mL of deionized
(DI) water. When the SDBS was completely dissolved, 150 mg of
P25 was added under continuous stirring. Finally, a solution of
3 mM hexachloroplatinic acid was prepared, and pre-
determined volumes were added to obtain different Pt mass
loadings on TiO,. The solution was sonicated for 30 min and

This journal is © The Royal Society of Chemistry 2023
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Table 1 List of cellulose samples used as sacrificial agents during the photocatalytic hydrogen production process

Carbohydrate and lignin

Biomass composition Crystallinity index Reference
Lignocellulose extracted from Cellulose 80% Not available 41
rapeseed straw Hemicelluloses 11%

Lignin 8%
Lignocellulose extracted from Cellulose 85% 83% 41
rapeseed straw - H,O, bleached Hemicelluloses 8%

Lignin 6%
a-Cellulose fibers from spruce pulp Cellulose 99% 71% Supplied by Sodra Cell AB
Cellulose extracted from U. Cellulose 85% 48% 42
fenestrata Xyloglucan 15%
Acid-treated cellulose extracted Cellulose 91% 63% 42
from U. fenestrata Xyloglucan 9%
TEMPO-oxidized CNF prepared Cellulose 99% Not available 43

from never-dried spruce pulp
CMC-Na

The sodium salt of cellulose with
carboxymethyl pendant groups, very
pure. Degree of substitution = 0.8

Not available

Supplied by Carl Roth

stirred for 1 h at room temperature. Following this, the recipient
containing the solution was transferred to an oil bath preheated
to 70 °C, and 15.8 mg of NaBH, was added to reduce the Pt in
the solution and thereafter aged for 2 h. Following the aging
process, the solution was cooled down to room temperature,
centrifuged to recover the photocatalyst, and then rinsed several
times with DI water and ethanol prior to further use. Dry powder
was obtained by heating overnight at 60 °C in an atmospheric
oven and stored for further use. Three photocatalysts were
prepared with a Pt loading of 0.2, 0.5, and 1 wt% labeled as
0.2Pt-TiO,, 0.5Pt-TiO, and 1Pt-TiO,, respectively.

2.3. Characterization

Microstructure and elemental analysis of the photocatalysts
were carried out by using a ZEISS Ultra-55 scanning electron
microscope (SEM) equipped with energy-dispersive X-ray spec-
troscopy (SEM-EDX) working at 10 kV. The titanium dioxide and
Pt-coated Titanium dioxide nanoparticles were also studied and
crystal structure was determined using high resolution trans-
mission electron microscopy (HR-TEM, JEOL JEM-2100F,
Akishima, Tokyo). Optical absorption was measured by Perki-
nElmer Lambda 750 UV/Vis spectrophotometer. Photo-
luminescence (PL) measurements were used to determine the
hydroxyl radicals ("OH) production using a PerkinElmer LS 55
Fluorescence spectrometer. Hydroxyl radicals were determined
using terephthalic acid disodium (TPA) salt as a selective scav-
enger of "OH. TPA reacts with "OH producing highly fluorescent
2-hydroxyterephthalic acid (hTPA) that can be determined by PL
spectroscopy. In brief, 7.5 mg of the photocatalyst was added to
25 mL of 200 pM TPA solution and magnetically stirred in
darkness for 30 min to reach adsorption equilibrium. Nitrogen
gas was bubbled for 10 min to remove dissolved oxygen. Then
the solution was irradiated with a commercial UVA light source
(OSRAM Ultra-Vitalux 300 W lamp) for 30 min, and samples
were extracted every 10 minutes. PL measurements were used to
determine hTPA concentration using an excitation wavelength
of 325 nm (calibration curve for hTPA concentration is provided

This journal is © The Royal Society of Chemistry 2023

as Fig. S1 in the ESI}). DelsaNano C was used to determine the
zeta potentials and particle size using dynamic light scattering
technique. Total Pt loading was determined by digesting the
particles in aqua regia and following this, after 50 times dilu-
tion, inductively coupled plasma-optical emission spectroscopy
(ICP-OES) was used to determine the absolute quantities
(Thermo Scientific iCAP 6500).

2.4. Photocatalytic hydrogen production

The experiments were run in a 25 mL three-necked round-
bottomed Pyrex glass flask filled with 25 mL of the studied
suspension in water with 0.3 mg mL " of photocatalyst and
0.25 mg mL " of respective cellulose samples (Table 1). The
composition of sacrificial agents varied from 99% cellulose to
85%, with or without the presence of hemicelluloses and lignin.
The crystallinity index (CI) measures the relative amount of
crystalline cellulose in a two-phase model to describe cellulose
chains with crystalline and amorphous regions.*

The initial suspension pH was adjusted to 5 using HCI (0.1
M) and NaOH (0.1 M). Before the start of each experiment, the
system was sonicated for 30 min and then purged using
nitrogen gas for another 30 min to reduce dissolved oxygen. The
light source simulating natural sunlight was placed at
a distance such that the irradiation flux on the sample was
around 1000 W m™ >, Hydrogen gas concentration was contin-
uously measured using a H, microsensor from Unisense, Den-
mark. The calibration curve can be found in ESI (Fig. S2t). An
external air blower was used to keep the temperature stable. The
reactor was sealed with rubber caps, and the sensors were
connected directly into the system through syringe probes.

3. Results and discussions

Microstructure of TiO, (P25) photocatalyst and TiO, with 0.2,
0.5, and 1% Pt loading are shown in Fig. 1. From the SEM
micrographs, no clear evidence of the Pt NPs deposition could
be observed possibly due to the small sizes. Energy dispersive X-

Sustainable Energy Fuels, 2023, 7, 1981-1991 | 1983
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Fig. 1 Scanning Electron Microscopy (SEM) images corresponding to (a) TiO, (P25) NPs with their respective EDX spectra below, (b) 0.2% Pt
loaded on TiO, (P25) (0.2% Pt-TiO,) and the elemental distribution of Ti and Pt, (c) 0.5% Pt loaded on TiO, (P25) (0.5% Pt-TiO,) and its cor-
responding EDX spectra for Ti and Pt, and (d) 1% Pt deposited on P25 NPs (1% Pt-TiO;) with its respective EDX spectra images regarding the

distribution of Ti and Pt elements.

ray spectroscopy (EDX) profiles below every micrograph in Fig. 1
however conclusively show Ti and Pt distributions confirming
the presence of Pt on titania NPs. In addition, ICP-OES was used
to determine the total amount of platinum loading on the TiO,
during the synthesis process, showing that 0.095, 0.36, and
0.86 wt% of Pt were deposited on 0.2Pt-TiO,, 0.5Pt-TiO, and
1Pt-TiO,, respectively. All the photocatalysts tested showed
a homogeneous platinum distribution on the titanium dioxide
substrate attributed to the role of SDBS as an anionic surfactant
stabilizing the metal clusters.***® The primary particle size of
TiO, was noted as 21 nm by the supplier. Hydrodynamic
diameter and distribution at different pH of the titania particles
measured by DLS are shown in Fig. S3a.f TiO, tends to
agglomerate at neutral pH forming clusters with sizes around

1984 | Sustainable Energy Fuels, 2023, 7, 1981-1991

522 nm and 218 nm. On the other hand, after loading Pt, the
diameter of the clusters decreased to 108, 132, and 114 nm
when the amount of Pt was 0.2, 0.5, and 1%, respectively. It is
well known that the point of zero-charge of TiO, is around pH
6.7 to 7.*%°° This is reflected in Fig. S3b and c, where the
hydrodynamic size decreased drastically in acidic pH, demon-
strating that the charge of the particle surface increases pre-
venting the aggregation of the nanoparticles. From Fig. S3a,7 it
is possible to observe that the incorporation of Pt on the TiO,
surface prevents aggregation and decreases the hydrodynamic
diameter. It has been reported that platinum nanoparticles
present a negative surface charge over almost all pH ranges,
modifying the zero-charge point of the photocatalyst. Fig. S3df
shows the role of SDBS during the platinum deposition on TiO,,

51-53

This journal is © The Royal Society of Chemistry 2023
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stabilizing the nanoparticles and narrowing the hydrodynamic
particle size distribution.

The morphology of TiO, and Pt nanoparticle-coated TiO, at
different magnifications is shown in Fig. 2. Both the truncated
tetrahedral anatase and short-rod-shaped rutile phase of TiO,
are observed, suggesting that the particles are of mixed anatase
and rutile phases (Fig. 2b). Selected-area electron diffraction
(SAED) pattern of TiO, nanoparticles (Fig. 2c) was used to
calculate the interplanar spacings of TiO, crystals. The obtained
result of d-spacing, 0.348 nm, 0.227 nm, 0.185 nm, 0.166 nm,
0.147 nm, and 0.128 nm, can be indexed to anatase (101), rutile
(200), anatase (200), (211), (204) and (215) planes,* respectively,
which proves the major phase of TiO, used in this work is
anatase with the tetragonal crystal structure. In Fig. 2d, Pt
nanoparticles with a size of about 3-5 nm can be clearly
observed to be attached on the edge of TiO, nanoparticle. A
high-resolution image of Fig. 2e further exhibits that the Pt
particles grown on TiO, have a lattice spacing of ~0.23 nm,
which is from the (111) planes of Pt. In the diffraction pattern of
0.5Pt-TiO, (Fig. 2f), several diffracted spots were selected to
calculate the lattice spacing in real space. The spacings of
0.23 nm and 0.197 nm can be indexed to (111) and (200) planes
of face-centered-cubic structured Pt, labeled in Fig. 2f.

The XRD patterns of the prepared samples were obtained to
learn about the crystalline phase proportion and the crystallite
size of the photocatalysts (see Fig. S4at). XRD curves of all
samples were dominated with peaks belonging to TiO, anatase
and rutile phases (ICDD file no. 21-1272 and ICDD file no. 21-
1276, respectively shown in Fig. S4bt). The phase composition
was calculated using the relative intensity method (eqn (4)),*

Fig. 2

View Article Online
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where A% corresponds to the weight fraction of the anatase
phase, Iy represents the intensity of the strongest peak of the
rutile phase (110), and I, the intensity of the strongest peak if
anatase phase corresponding to (101). From this, it was found
that anatase represented 85% of all phases and rutile 15% of
TiO,. No evident platinum was registered on loaded TiO,
samples. The absence of Pt can be ascribed to the small size of
Pt NPs and its high dispersion on the TiO, particles.*® Crystallite
size was calculated using the Scherrer equation (eqn (5)) where L
is the crystallite size, K corresponds to a constant with a value of
0.9, 1 is the wavelength of the X-ray used (1.54 A), 6 is the Bragg
angle, and FWHM is the full width at half-maximum of the
peak, in this case, peaks with the highest intensity were
considered for both phases. The crystallite size of the
commercial TiO, estimated from the rutile and anatase phases
was 18.48 nm and 18.40 nm respectively. No changes were
found when Pt was loaded on the photocatalyst, indicating that
Pt NPs did not affect the crystal structure of TiO, (no electronic
doping leading to crystal structure changes), and it was only
deposited on the surface.

A% = x 100 (4)
1+ 1.2651—R
In
KA
L= 8 cos(6) (5)

The optical properties of the photocatalyst in terms of
adsorption are fundamental in the evaluation of its

An (401)
Ru (200)
»  An (200)
An [211)
An (204)
An (215)

(@ and b) Transmission Electron Microscopy (TEM) images and (c) SAED pattern of TiO, nanoparticles; (d and e) TEM images and (f) SAED

pattern of Pt nanoparticle-coated TiO, nanorods. An: anatase, Ru: rutile.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 UV-vis spectra for different photocatalysts, commercial TiO,,
TiO, loaded with 0.2 wt% Pt (0.2Pt-TiO,), 0.5 wt% Pt (0.5Pt-TiO,), and
1 wt% Pt (0.2Pt-TiO,).

performance.”” A strong adsorption in the UV range around
320 nm, characteristic of anatase and rutile phases of TiO,, as
can be seen in Fig. 3. Platinum nanoparticles induce broad
adsorption over the entire visible region. These results agree
with previous studies®®* and show the plasmon-induced
enhancement of absorption from the Pt cluster on the TiO,
surface.

The influence of Pt loading on TiO, for hydrogen production
was studied using CMC-Na as a sacrificial agent. Fig. 4a shows
the performance of TiO, as a function of Pt deposited. As ex-
pected H, production was negligible when no Pt was involved,
and no signal could be detected, showing that Pt has a catalytic
role for hydrogen evolution during the photocatalytic process.
When the amount of Pt loading was 0.2% and 0.5%,
outstanding improvement can be noticed. However, when 1%
Pt was dispersed on the photocatalyst surface, only a marginal
improvement was observed when the production was compared
with H, obtained by using 0.5% Pt nanocomposites. Higher Pt
contents could lead to the agglomeration of Pt NPs, and the
incorporation of excessive metal sites may increase the elec-
tron-hole recombination due to an increase in the free electron
density.®® It is also possible to form aggregates over time,
generating a shading effect from the agglomerate suspended
particles diminishing light penetration. To verify the role of Pt
on TiO,, the obtained photogenerated "OH was studied by PL
spectroscopy using terephthalic acid (TPA) as a scavenger. It is
well known that TPA reacts with "OH radicals producing 2-
hydroxy terephthalic acid (hTPA),*»** which has an emission
peak around 432 nm when is excited with a 323 nm light source.
Fig. 4b shows the hTPA concentration calculated from PL
intensity at 432 nm (see Table S17) and the calibration curve is
presented in Fig. S1.f hTPA concentration of TPA solution
gradually increased over irradiation time with the lowest
concentration corresponding to bare TiO,, increasing pro-
portionately with Pt loading. This implies that the amount of
"OH generated is more significant when Pt is present in the
photocatalyst following the order 1Pt-TiO, > 0.5Pt-TiO, > 0.2Pt-
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Fig. 4 (a) Hydrogen production according to the Pt loading on TiO,
photocatalyst, (b) 2-hydroxy terephthalic acid concentration (hTPA)
produced during 30 min of irradiation for bared TiO,, 0.2 wt% of Pt
loaded on TiO, (0.2Pt-TiO,), 0.5 wt% of Pt loaded on TiO, (0.5Pt—
TiO,) and 1 wt¥% of Pt loaded on TiO, (1Pt-TiO,).

TiO, > TiO,. This result confirms that Pt acts by suppressing the
recombination of the hole-electron pair and thus improves the
'OH generation at the same time. Even though 1% Pt loading
presents higher ‘OH production, the agglomeration of Pt NPs
may increase the electron-hole pair recombination making the
charge separation more difficult, during the photocatalytic
process. From these results, we decided to carry out all the
photocatalytic hydrogen production tests using 0.5Pt-TiO, as
the photocatalyst.

Photocatalytic hydrogen production using celluloses listed
in Table 1 and the photocatalyst prepared with 0.5% Pt loading
were compared. The production rates are shown in Fig. 5a and
b. When no sacrificial agent was added, only water splitting
contributing to the hydrogen production process is observed.
This modest H, production improves when a sacrificial agent is
added during the photocatalytic reaction. Cellulose extracted
from rapeseed straw, either H,0,-bleached or un-bleached,
showed lower performance for H, production. On the other

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) Hydrogen evolution measured in situ during the photo-

catalysis of celluloses extracted from rapeseed straw, H,O,-bleached
cellulose extracted from rapeseed straw, a-cellulose spruce pulp,
cellulose extracted from U. fenestrata, acid-treated cellulose extracted
from U. fenestrata celluloses, and the cellulose derivatives CMC-Na
and TEMPO-oxidized cellulose. (b) Hydrogen production per hour
during the photo-reforming of different celluloses. The reactor cor-
responded to a 25 mL vessel, 0.3 mg mL™! of photocatalyst and
0.25 mg mL~?* of sacrificial agent.

hand, CMC-Na and TEMPO-oxidized CNF exhibited the best
hydrogen production rate. Comparing the crystallinity index
(CI) between the different types of celluloses, it could be
observed that lower CI led to increased H, production. Lower CI
is associated with weaker chemical bonds,* and it has been
found that during enzymatic hydrolysis of cellulose to glucose,
for biofuel conversion, a completely amorphous sample is
hydrolyzed faster than a partially crystalline cellulose.** A
similar trend was reported by Caravaca et al. during cellulose
reforming,* establishing that a CI of 80% or lower is the
optimum value for fescue grass hydrolysis. Higher CI values
lead to a difficult interaction between the photocatalyst parti-
cles and the interior sites of cellulose material. The smallest H,
production was recorded with H,0,-bleached rapeseed straw

This journal is © The Royal Society of Chemistry 2023
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cellulose. Before bleaching the rapeseed straw cellulose, the
process includes an alkaline treatment where hemicelluloses,
mainly xylan is mostly removed.** Removing these amorphous
regions could lead to an increase in the crystallinity index and,
subsequently, lead to a reduction in the hydrogen production
rate.

From Fig. 5b, it is also possible to observe that lignin-free
celluloses from green macroalgae, isolated from U. fenestrata,
contributed to improved H, production. Lignin provides elas-
ticity and mechanical strength to the cellulose microfibrils
protecting them from chemical and enzymatic degradation.®
Hence, lignin is likely to affect the interaction between the
photocatalyst and cellulose, protecting the cellulose microfi-
brils and making it tougher to break and disperse, leading to an
unstable suspension. Xyloglucan is partially soluble in water
and interrupts the formation of cellulose crystals leading to
a low CL.*® This could explain the improved hydrogen produc-
tion rate using U. fenestrata celluloses. However, a considerable
difference in hydrogen production rate was found when the
cellulose was acid-treated, increasing from 2.43 pumol h™* for U.
fenestrata to 3.78 umol h™" for acid-treated U. fenestrata cellu-
lose. CI is higher for acid-treated U. fenestrata cellulose,
however, so is the glucose content, which could improve the
hydrogen production rate.** On the other hand, o-cellulose
fibers from spruce pulp showed a lower performance with
a production rate of 1.98 pmol h™" despite containing 99%
cellulose with no lignin, suggesting that the higher CI led to
lower availability of cellulose as a sacrificial agent.

The total dispersion of completely water-insoluble cellulose
is difficult to obtain because of the long rigid chains and the
inter-molecular and intra-molecular forces that lead to an
unstable system, as was the case of H,O,-bleached and un-
bleached cellulose extracted from rapeseed straw discussed
above. Considering this, modification of cellulose structure to
improve its water-solubility properties (widely discussed in the
literature, see for instance® ), where different groups substi-
tute hydroxyl groups, could be beneficial in photocatalytic
hydrogen production. Cellulose hydroxyl groups are substituted
with carboxymethyl (-CH,-COO™) groups in CMC-Na and
carboxylate (RCOO ™) groups in TEMPO-oxidized cellulose. The
addition of these polar groups increases the solubility of
cellulose, resulting in better suspension in aqueous media, and
avoiding agglomeration and thus aggregation of the particles
reducing its availability as an active component of the system.
The degradation kinetics of cellulose is thus affected depending
on the degree of substitution, the substitution pattern, and the
degree of polymerization. Erdal et al. studied the degradation of
CMC, establishing that the hydrolysis dramatically decreased
when the degree of substitution was higher than 1.7

From the above, it is expected that using these cellulose
derivatives as sacrificial agents will ameliorate hydrogen
production. This is also clearly observed in Fig. 5b where CMC-
Na and TEMPO-oxidized cellulose show the best performance
for photocatalytic H, production with rates of 7.01 and 4.27
umol h™*, respectively. Meanwhile, Fig. 5a shows a pronounced
hydrogen production slope when CMC-Na and TEMPO-oxidized
cellulose were used. A similar trend was found during the first
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minutes with acid-treated U. fenestrata cellulose and U. fenes-
trata cellulose. Zhao et al. reported that the photo-reforming of
lignocellulose showed a similar pathway compared to the
enzymatic oxidation processes,”* where due to a kinetic factor of
accessibility cellulose first is hydrolyzed into soluble glucose,
formic acid, hydroxymethyl furfural (HMF), etc. These soluble
products have faster diffusion rate consuming hydroxyl radicals
that provide protons to the system,”” which then get reduced to
hydrogen gas. Fig. 6 corresponds to a schematic diagram
showing different species involved in the degradation of the
biomass samples. According to Machado et al., hydroxyl radi-
cals ("OH) cause a structural fragmentation of lignin structure
attacking the double bond of the aromatic rings.” On the other
hand, hemicelluloses (like xyloglucan) and cellulose follow
similar mineralization paths where ‘OH breaks the glycosidic
linkages producing xylose and glucose, respectively. Xylose and
glucose continue their degradation forming intermediates like
arabinose, erythrose, galactose, glyceraldehyde, hydrox-
ymethylfurfural (HMF), etc. until mineralization is complete
and products like formic acid, carbon dioxide, carbon
monoxide, and hydrogen are obtained.””* This emphasizes the
importance of ‘OH produced during the photocatalytic process
as shown in Fig. 4b.

Based on the above discussions, the high activity observed
during the first minutes when U. fenestrata and acid-treated U.
fenestrata celluloses were used can be attributed to the
consumption of the soluble xyloglucan present in their micro-
structure. Meanwhile, an induction period was observed before
the H, production started when H,0,-bleached and un-

View Article Online
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bleached celluloses extracted from rapeseed straw were used.
Given the above observations, the performance of CMC-Na,
Tempo-oxidized cellulose, U. fenestrata, and acid-treated U.
fenestrata were compared with the performance of classical
sacrificial agents keeping the concentration of photocatalyst
constant with 0.3 mg mL ™" and 0.25 mg mL ™" sacrificial agent
used, respectively. Sodium sulfide (Na,S) and commercial
glucose were considered for this comparison. From Fig. 7, it is
possible to observe that glucose improves hydrogen yield when
U. fenestrata and acid-treated U. fenestrata samples were
considered, which is attributed to the glucose content in the
acid-treated U. fenestrata mentioned above. On the other hand,
Na,S was used as an inorganic sacrificial agent presenting
a different reaction mechanism than glucose, where Na,S is
more easily oxidizable as direct interaction with the holes
generated on the photocatalyst””” can occur, producing S,>~
ions thus reducing the need of the presence of "OH radicals.
Despite this, the performance of Na,S is similar to CMC-Na
which can be attributed to its high substitution degree of
around 0.8 making it highly soluble showing its potential to be
used as a biomass sacrificial agent.

The influence of the sacrificial agent concentration during
photocatalysis was tested for CMC-Na by keeping the photo-
catalyst concentration constant at 0.3 mg mL™'. Several
suspensions were prepared between 0.25 and 5 mg mL ™", From
Fig. 8a, we can observe that the optimum cellulose concentra-
tion corresponds to 2.5 mg mL ™. Higher cellulose concentra-
tions showed a rapid decrease in H, production attributed to an
increase in the shadowing effect of photocatalysis particles by
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Fig. 6 Schematic representation of cellulose and hemicellulose degradation and molecules participating during the photocatalysis process.
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sacrificial agents.

the cellulose particles reducing the interaction of photons used
for the generation of photoexcited electrons and holes on the
semiconductor surface.

To study the influence of pH on the hydrogen production
rates, different CMC-Na suspensions were prepared with pH
from 2 to 5 and tested using 0.3 mg mL ™" of 0.5Pt-TiO, and
0.25 mg mL " of CMC-Na. From Fig. 8b, it is possible to notice
an increase in H, production moving from pH 5 to pH 4, and the
maximum output was recorded at pH 2. These results suggest
that acidic pH is beneficial for the system's performance. This
can be attributed to the presence of excess protons in the system
lowering the overpotential needed for hydrogen evolution.
However, at pH 2-3, the suspension was unstable, and
agglomeration of particles occur. Even though the hydrogen
production at pH 2 was almost double what was obtained at pH
5, the agglomeration became more severe with time, and the
hydrogen production practically stopped due to the precipita-
tion of the sacrificial agent together with the corrosion of the
photocatalysts.” To explain the instability of the solution, the
zeta potential values of CMC-Na were measured and are shown
in Fig. S5.7 From these results obtained at pH 2 and 3, particles
have a net charge close to 0, making the suspension unstable
thus enabling agglomeration. On the other hand, when the pH
is higher than 4, the zeta potential values are more negative,
decreasing the tendency of the agglomeration of the particles.

Long-term performance and recovery of the photocatalyst
were studied considering 4 running cycles of 8 hours each,
2.5 mg mL ™" of CMC-Na was renewed in each cycle run, and
0.3 mg L' of 0.5Pt-TiO, was continuously recovered. Fig. 9
shows a linear tendency in the hydrogen production rate during
the 8 h of light exposure. When subsequent other runs were
performed the H, production remained stable during the first
two cycles where only 10% of the capacity was reduced after 16
hours. Nevertheless, after the second run photocatalyst pre-
sented a significant decrease in the H, production rate of

This journal is © The Royal Society of Chemistry 2023
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approximately of 46% which kept constant in run 4. The
instability associated with H, production it was related to
incomplete biomass degradation and difficulties in recovering
the photocatalyst at the end of every cycle run.

4. Conclusions

This work investigated photocatalytic hydrogen production by
using different cellulose types as sacrificial agents using plat-
inum loaded on TiO, as a photocatalyst. It was demonstrated
that hydrogen could successfully be produced using all the
cellulosic biomass and cellulose derivatives tested, and its
performance is strongly related to the composition of the
biomass used and the amount of platinum loading. Optimal
performance towards H, production was obtained when
0.5 wt% of platinum was loaded. Hydrogen production was
strongly affected by the crystallinity index and the presence of
soluble structures, like xyloglucan in the cellulosic material
which is consumed during the first minutes of the photo-
catalytic process. Lignin-free celluloses from green macroalgae,
isolated from U. fenestrata algae was the best sacrificial agent
showing a hydrogen production rate of 140.85 pmol L' that
could be further improved in the cellulose obtained from U.
fenestrata was acid-treated yielding 167.44 pmol L' hydrogen
in 1 hour of exposure. Cellulose derivatives with incorporated
polar substituents showed almost two times higher hydrogen
production rates than the un-modified ones. The enhancement
in the performance was associated with the higher solubility of
the derivative products due to the carboxymethyl (-CH,-COO ")
and carboxylate (RCOO™) groups, improving the dispersion and
the stability of the system when the pH was 5. A successful
deployment of photocatalytic generation of H, from cellulose
would have several positive effects associated with some rele-
vant Sustainable Development Goals. Possible issues may arise
when it comes to the photocatalyst used, which should allow
good efficiency while being affordable enough, without posing
any significant environmental threat throughout all its life
cycle.
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