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A B S T R A C T   

This study explored the photocatalytic hydrogen evolution reaction (HER) using novel biohydrogel composites 
comprising chitosan, and a photocatalyst consisting in TiO2 P25 decorated with Au and/or Cu mono- and 
bimetallic nanoparticles (NPs) to boost its optical and catalytic properties. Low loads of Cu and Au (1 mol%) 
were incorporated onto TiO2 via a green photodeposition methodology. Characterization techniques confirmed 
the incorporation of decoration metals as well as improvements in the light absorption properties in the visible 
light interval (λ > 390 nm) and electron transfer capability of the semiconductors. Thereafter, Au and/or Cu NP- 
supported TiO2 were incorporated into chitosan-based physically crosslinked hydrogels revealing significant 
interactions between chitosan functional groups (hydroxyls, amines and amides) with the NPs to ensure its 
encapsulation. These materials were evaluated as photocatalysts for the HER using water and methanol mixtures 
under simulated sunlight and visible light irradiation. Sample CuAuTiO2/ChTPP exhibited a maximum hydrogen 
generation of 1790 μmol g− 1 h− 1 under simulated sunlight irradiation, almost 12-folds higher compared with 
TiO2/ChTPP. Also, the nanocomposites revealed a similar tendency under visible light with a maximum 
hydrogen production of 590 μmol g− 1 h− 1. These results agree with the efficiency of photoinduced charge 
separation revealed by transient photocurrent and EIS.   

1. Introduction 

The current growing energy demands of society are supported 
mainly by the combustion of fossil fuels (i.e., oil, coal and natural gas). 
This situation would imply in the mid- and long-term future a depletion 
of fossil fuels with concomitant emission of carbon dioxide (CO2) to the 
atmosphere, since currently, CO2 is recognized as the main anthropo
genic greenhouse gas responsible for climate change. For these reasons, 
the urgent development of alternative energy vectors from sustainable 
resources [1,2] is scientifically recognized. Therefore, important efforts 
have been made to develop novel, efficient and cost–effective technol
ogies to address the production and storage of energy, such as the sci
entific progress in the energy field, regarding the development of 
photovoltaic devices [3] and new generation lithium-ion batteries [4]. 

In this context, molecular hydrogen (H2) is considered as a promising 
fuel for several reasons, such as its unique ability to store large amounts 

of energy and its ideal energy release with water as the only byproduct 
of the reaction [5,6]. However, currently, hydrogen production at the 
industrial scale is carried out mainly by the steam–methane reforming 
reaction, a process associated with several significant drawbacks, such 
as the large energy requirements, notable CO2 emissions and depen
dence on hydrocarbon sources. Because of the above, the use of 
hydrogen produced by this pathway does not have a considerable impact 
on energetic and environmental matters, and are motifs for the constant 
efforts made to replace fossil starting materials with more sustainable 
sources [7] and on the incorporation of adsorbents to mitigate carbon 
emissions [8] are constantly being explored. For these reasons, other 
cleaner and energetically efficient routes for the synthesis of hydrogen 
have been investigated. 

In a pioneering study, Fujishima and Honda [9] reported the use of 
TiO2 photoelectrodes for the water splitting reaction and opened a 
research front in the area of photo(electro)catalytic hydrogen 
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generation. This process consists of irradiating semiconductor materials 
such as TiO2 nanoparticles (NPs) with appropriate energy, after which 
excited electrons are transferred from the valence to the conduction 
band, while photogenerated holes are left in the valence band. After 
electron-hole pairs migrate to the solid surface, reduction, and oxidation 
reactions, such as H2O decomposition into H2 and O2, respectively, can 
occur [10–12]. Nevertheless, TiO2 requires UV light (λ < 390 nm) to 
afford its photoexcitation and promote the generation of hydrogen 
molecules, property attributed to its wide band gap (3.2 eV). This situ
ation hampers the efficient use of solar light irradiation since the pro
portion of UV light reaching the Earth's surface is only 4–5 % [13]. In 
addition to the previous, the fast recombination of photogenerated 
electrons and holes in the bulk of the semiconductor, reverse reaction, 
has reaction rates of several orders of magnitude higher than their for
mation, and is another relevant limitation to be considered when 
attempting to increase the efficiency of the photocatalytic process 
[14,15]. To overcome these issues, several strategies are in constant 
development to attain more efficient photocatalytic systems. Among 
them, decoration of TiO2 with metal NPs such as Pt [16] and Pd [17], 
which can act as electron traps, is a successful strategy to partially avoid 
charge carrier recombination and thus increase the overall efficiency of 
the photocatalytic process [18], strategy with remarkable ability to be 
applied also for the degradation of other organic compounds for envi
ronmental remediation applications [19]. In addition, the modification 
of TiO2 with plasmonic metal NPs such as Au [20] and Ag [21] also 
favors visible light absorption by the photocatalyst, with maximum 
absorption bands located at approximately 530 and 420 nm, respec
tively, given their localized surface plasmon resonance (LSPR) effect, a 
property that is added to the decrease in the recombination of photo
generated species. It should be noted that the LSPR effect of metal NPs 
depends on their structural morphology, such as their size and shape, as 
well as the properties of their surroundings (i.e., dielectric media) [22]. 
This property has the potential to allow decorated semiconducting 
materials to take advantage of the visible portion of solar light that 
reaches the earth's surface which is an appreciated source of energy, 
since it represent approximately 43 % of the total solar light that passes 
through the atmosphere. Despite these comments, decorating semi
conducting materials with noble metals hampers their wide application 
due to their scarcity and high cost. For that reason, the use of other 
earth-abundant plasmonic metals, such as Cu–based NPs, to decorate 
semiconductor surfaces is gaining increasing attention as a cost-efficient 
strategy. Interestingly, it has been demonstrated that Cu(0) NPs exhibit a 
light absorption band in the visible region due to LSPR phenomena, 
usually centered at approximately 600 nm [23], with high relevancy to 
improve the photocatalytic behavior of some semiconducting materials 
by its surface deposition [24]. However, metallic Cu NPs can be oxidized 
to some extent to copper oxide NPs, thus reducing their ability to absorb 
visible light due to the LSPR effect. Because of the previous, strategies to 
avoid the oxidation of Cu(0) nanostructures are in growing develop, 
such as for example, the use of organic capping agents to limit the 
contact of Cu atoms with oxidizing agents but also with reactants. On the 
other hand, recent studies have demonstrated that the formation of 
alloyed NPs of Cu with noble metals permits the stabilization of metallic 
copper species, avoiding its oxidation and preserving its metallic state 
[25]. In addition, this strategy not only improved the stability of Cu 
structures during oxidation but also boosted their photocatalytic activ
ity, as reported by Chen and coworkers, who demonstrated the 
enhanced performance of CuAu alloyed nanosystems for the photo
degradation of RhB under simulated light irradiation [26], in which the 
combination of both metals is key for the appearance of boosted cata
lytic properties and also allowing the tuning of its optical properties 
[27,28]. It is important to remark the potential of similar systems to be 
applied in other environmental remediation technologies as reported in 
the literature [29,30]. 

In addition to the interesting and improved properties shown by 
semiconducting materials decorated with metal NPs, the use of 

supporting materials of different natures can affect and tune the activity 
of these systems, mostly due to strong interactions with the support 
[31,32]. Moreover, the use of polymers has attracted considerable in
terest in this field, first, to promote the stability of these systems while 
avoiding spontaneous agglomeration and second, to promote close in
teractions with the surface of these nanosystems. In this regard, a wide 
variety of synthetic polymers have been employed for hydrogen gener
ation applications [33–35]. However, the extensive use of synthetic 
polymers, associated with oil and nonrenewable sources, with poor 
degradation over time, has led to the accumulation of large amounts of 
waste in landfills, generating major concerns about the use of plastics 
and the presence of microplastics in nature [36]. For that reason, the use 
of biopolymers in several areas has gained considerable attention, 
mainly because biopolymers are renewable resources abundantly found 
in nature with faster generation periods, a wide diversity of chemical 
structures and the presence of functional groups; thus, biopolymers can 
be applied mostly in fields such as tissue engineering [37] and packaging 
[38]. A particular biopolymer to consider with great availability and, for 
that reason, low cost is chitosan, a biopolymer obtained by the deace
tylation of chitin, a biopolymer found in the exoskeleton of several 
crustaceous species, and which can also be produced in bioreactors by 
some fungi [39]. Furthermore, the great attractive of chitosan-based 
technologies relapses on its potential to be obtained in large scales 
from wastes, especially from some marine industries, and also to be 
applied in waste treatment applications with other marine resources 
[40,41]. In addition, chitosan has been identified as a remarkable 
resource in several fields, serving as a suitable starting material for 
attaining the aspects of sustainable development and circular economy 
stated in sustainable development goals (SDGs) [42], gaining consider
able attention for use in the synthesis and stabilization of different 
nanostructured systems because of the strong interactions between 
chitosan functional groups and the surfaces of different nanoagents [43]. 
Considering these findings, chitosan hydrophilic functional groups are 
likely to interact with the surface of modified semiconducting NPs [44], 
a phenomenon that might also favor water splitting in two senses: first, 
favoring the rapid availability of water molecules near the surface of the 
NPs due to the hydrophilic character of the matrix; second, the presence 
of hole–scavenging species to promote hydrogen generation due to the 
presence of alcohol groups that can act as sacrificial electron donors and 
partially avoid electron-hole recombination; appealing aspects in the 
field of hydrogen generation catalysts that has been stated to serve as an 
energy saving way of producing hydrogen [45]. 

With these precedents, the aim of this work was to develop three 
novel hydrogels nanocomposites containing chitosan and TiO2 deco
rated with plasmonic Cu and Au-based NPs to be used as photocatalysts 
for the hydrogen evolution reaction (HER). Initially, Au and Cu mono- 
and bimetallic NPs were deposited onto TiO2 by a photodeposition 
method, and as a way to improve the photogeneration of charge carries, 
enable the absorption of visible light and to reduce the recombination of 
photoexcited species. The improvements in the photoelectronic 
behavior of the materials were characterized by transient photocurrent 
and electrochemical impedance spectroscopy measurements using Cu- 
and Au NP-supported TiO2. The resulting solids were subsequently 
incorporated into chitosan hydrogels through physical crosslinking of 
chitosan chains with sodium tripolyphosphate molecules, obtaining a 
material denominated ChTPP. Finally, the composites were evaluated as 
photocatalysts for the HER under both simulated and solar visible light 
irradiation. 

2. Experimental section 

2.1. Materials 

Titanium dioxide P25 Degussa NPs (TiO2, Sigma–Aldrich, 99.5 %), 
potassium gold (III) chloride (KAuCl4, Sigma–Aldrich, 99.995 %), cop
per (II) chloride dihydrate (CuCl2 × 2H2O, Merck, 99.9 %), methanol 
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(MeOH, Sigma–Aldrich, 98 %), high-molecular-weight chitosan (Ch, 
Sigma–Aldrich, ~160 kDa, DD > 75 %), glacial acetic acid (HAc, Merck, 
99.5 %), NaTPP (Sigma–Aldrich, 85 %). All reagents were used as 
received without further purification. Distilled water was used in all the 
experiments unless otherwise stated. 

2.2. Photochemical synthesis of metallic NPs supported on TiO2 (MTiO2) 

Metallic NPs were synthesized on the surface of TiO2 by modifying a 
previous route reported by Chen and coworkers [46]. First, 100 mg of 
TiO2 was dispersed in 40 mL of methanol inside a round bottom flask by 
successive cycles of magnetic stirring and ultrasound bath sonication. 
Subsequently, 24 mM KAuCl4 and 73 mM CuCl2 × 2H2O aqueous so
lutions were added to the previous dispersion to achieve a theoretical 
loading of 1 mol% on TiO2. The aliquots used to prepare each mono– and 
bimetallic sample are listed in SI 1. The adsorption of metal ions on TiO2 
was maintained with magnetic stirring at 700 rpm and 40 ◦C for 1 h. 
After that, the dispersions were cooled to room temperature and trans
ferred to a conventional Rayonet photoreactor provided with 8 UV 
lamps with an emission wavelength of 254 nm (6 watts each) for 1 h to 
promote photoreduction of the adsorbed metals. After that, the disper
sion was removed from the photoreactor, centrifuged, and washed three 
times with water and one with ethanol. Finally, the decorated TiO2 was 
dried in a vacuum oven at 60 ◦C for 12 h and stored prior to use. These 
systems were denoted as MTiO2, where M indicates the decoration with 
Cu and/or Au. 

2.3. Encapsulation of MTiO2 inside chitosan hydrogels 

The incorporation of TiO2 and MTiO2 NPs into chitosan–based 
hydrogels was carried out by mixing an aqueous dispersion of the NPs 
with a chitosan solution. For this purpose, chitosan was first dissolved in 
an HAc solution (1.25 % v/v) to obtain a chitosan concentration of 1.25 
% w/v; this mixture was stirred overnight to properly dissolve the chi
tosan powder. In parallel, a 15 mg/mL aqueous dispersion of TiO2 and/ 
or MTiO2 was prepared with the help of an ultrasound bath. Then, 2 mL 
of the NP dispersion was added to 8 mL of the chitosan solution, which 
was stirred vigorously at room temperature for 1 h. Subsequently, the 
mixture was transferred to a syringe provided with a G25 needle, and the 
solution was slowly added dropwise at a rate of 0.3 mL/h to 50 mL of a 1 
% w/v NaTPP solution. As drops of the solution were added to the NaTPP 
solution, chitosan hydrogel beads, referred to as ChTPP, started to 
appear, and the NPs started to color the gels. After the complete addition 
of the chitosan solution, the beads were left for 1 h immersed in the 
NaTPP bath. Finally, the solutions were washed three times with water 
and then lyophilized prior to characterization and evaluation as 
catalysts. 

2.4. Photocatalytic testing 

Photocatalytic HER of the hydrogel nanocomposites was carried out 
in a 50 mL glass reactor equipped with two stainless steel connections, 
one provided with a needle for the entrance of the purge gases and one 
with a manometer to measure the internal pressure of the system and 
details can be found elsewhere [47]. The photocatalytic activities of the 
different composites were quantitatively compared by using the same 
amount of solid as photocatalyst and maintaining the other reaction 
conditions constant. In a typical experiment, 5 mg of a lyophilized 
nanocomposite was immersed in 10 mL of a MeOH/water 1:4 solution. 
For comparison, some experiments were carried out using 10 mL of 
water in absence of methanol. Immediately after, the system was sealed 
and purged with argon for 15 min, degasified with an ultrasound bath 
(450 W) for 15 min, and finally pressurized with argon at approximately 
1 atm by using a manometer coupled to the reactor. Then, the system 
was irradiated (Hg – Xe 150 W lamp equipped with an A10014–50–0110 
optical fiber) with simulated sunlight (AM 1.5G; 236 mW/cm2) or 

visible light (λ > 420 nm; 272 mW/cm2) for 1 h, irradiances were 
measured by using a commercially available photodiode (843-R Optical 
power meter; Newport Corporation). The temperature of the reaction 
monitored during the photocatalytic experiments by using an infrared 
thermometer was found to be 35 ◦C. Reaction aliquots of evolved gases 
at different reaction times were analyzed using an Agilent 490 MicroGC 
system equipped with a Molsieve 5 Å column. Control experiments 
without NPs, nanocomposites and only polymeric beads were conducted 
showing no detectable hydrogen generation under both irradiation 
conditions. 

2.5. Characterization techniques 

HRTEM images were obtained using a TALOS F200C G2 instrument 
with an acceleration voltage of 200 kV. The samples were previously 
dispersed in MeOH, sonicated for 10 min, supported on copper grids by 
dropping a few microliters of sample, and then dried in a vacuum oven 
overnight before analysis. Image analysis was carried out using ImageJ 
software, in which the average NP size was obtained by measuring at 
least 150 nanoentities. ICP–OES measurements were performed to 
determine the amount of metal deposited on the materials. These ana
lyses were performed in an ICP–OES AVI500 Perkin Elmer spectropho
tometer, and the quantification of the metallic content was determined 
by a calibration curve that ranged from 8 to 100 ppb (detection limit of 
5 ppb) for Au and from 8 to 72 ppb (detection limit of 3 ppb) for Cu. 
FESEM images were obtained using a QUANTA FEG 250 instrument 
with an accelerating voltage of 30.0 kV. Moreover, an Oxford X–Max50 
detector was used for the EDX spectroscopy analysis in mapping mode. 
Image processing of the FESEM and EDX maps was conducted using 
ImageJ and Origin software, respectively. XRD diffractograms were 
recorded using a Panalytical Empyrean diffractometer equipped with a 
copper anode using kα 1 and 2 as the irradiation source. The measure
ments consisted of scanning from 5 to 80◦ 2θ, with a path of 0.0263◦ and 
a measurement time of 60 s per angle. UV–Vis spectroscopy was per
formed with a Cary–60 UV–Vis spectrophotometer. Measurements were 
made in quartz cuvettes of 1 mL with an optic path of 1 cm. The NPs 
were dispersed in water and measured between 200 and 800 nm with an 
appropriate scanning rate. Diffuse reflectance UV–vis spectroscopy 
(DRS) was recorded in a Cary 5000 Varian spectrophotometer having an 
integrating sphere. Electrochemical impedance spectroscopy (EIS) and 
photocurrent measurements were carried out using a Gamry In
struments potentiostat (model Interface 5000E) as previously reported 
[48].The simplified Randless equivalent circuit used to fit each EIS 
spectrum and calculate the charge transfer resistance (Rct), series 
resistance (Rs) and double-layer capacitance (Cdl), is shown in SI 2. 
Briefly, CuAuTiO2, AuTiO2 or TiO2 were supported on a carbon elec
trode that was used as the working electrode and polarized at +0.9 V. 
The experiments were performed using a standard three-electrode 
configuration containing a deoxygenated TBAPF6 (0.1 M) acetonitrile 
solution in the presence of methanol (0.3 mL). TGA was employed to 
characterize the thermal stability of the materials. For that purpose, the 
samples were measured with a Mettler–Toledo TGA/SDTA851 thermo
balance. The TGA profiles were analyzed under a nitrogen flow of 20 mL 
min− 1 and from 25 to 900 ◦C with a heating rate of 10 ◦C min− 1. The 
data were processed using STARe software version 8.1. FT–IR spectra 
were recorded with a PerkinElmer UATR spectrophotometer, which was 
obtained with an ATR sample–holder. The direct insertion of the 
lyophilized hydrogels and nanocomposites into the ATR probe was 
analyzed, and the results were measured between 4000 and 400 cm− 1, 
with a resolution of 1 cm− 1 and an accumulation of 32 scans per sample. 
The photogenerated gases were detected and quantified by an Agilent 
μGC 490 instrument equipped with a column filled with 5 Å molecular 
sieves and Ar as the mobile phase. 
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3. Results and discussion 

Initially, TiO2-supported plasmonic Au and Cu NPs were synthesized 
by the photodeposition method, Fig. 1. This method consists of UV 
irradiation of a TiO2 suspension in a mixture of water and methanol 
containing a metal salt precursor under argon conditions. In this process, 
photogenerated electrons are responsible for metal salt reduction to 
metal NPs, while holes oxidize methanol to serve as sacrificial electron 
donors [49,50], strategy that has been pointed as an efficient way for 
energy savings, especially for hydrogen production. Attempts to recover 
Cu NP-supported TiO2 under ambient conditions result in rapid decol
oration of the material under air, SI 3; thus, this material was not further 
considered in this study. 

Subsequently, TiO2 surface modification with Au and CuAu NPs was 
confirmed by electron microscopy, Fig. 2. SEM images, Fig. 2a and d, 
showed the presence of agglomerates associated with TiO2 particles 
decorated with Au or CuAu NPs. In addition, STEM measurements 
revealed the presence of dark spots attributed to the presence of Au and 
CuAu NPs supported on TiO2, Fig. 2b and e. These samples were also 
analyzed by HRTEM, again revealing the presence of nanostructures 
with different electronic contrasts, suggesting the presence of Au and 
CuAu supported on TiO2; these structures had irregular morphologies 
with average particle diameters of 22.3 and 14.1 nm, respectively, 
Fig. 2c and f. EDX elemental mapping analysis of CuAuTiO2 further 
confirmed the presence of Au and Cu within the same particle and thus 
confirmed the formation of CuAu alloy NPs supported on TiO2. 

To confirm the presence of Au and Cu NPs on TiO2 and to determine 
the composition of the material, the materials were analyzed via 
ICP–OES, revealing the presence of both metals, which were found in 
molar compositions of approximately 1.2 and 0.8 mol% for AuTiO2 and 
CuAuTiO2, respectively. Moreover, for the sample decorated with 
bimetallic NPs and CuAuTiO2, the molar ratio between the Cu and Au 
atoms was approximately 1.32. Additionally, the decorated nano
particles were analyzed via EDX coupled with FE–SEM to observe the 
presence of Cu and Au metals on the nanoparticles in the CuAuTiO2 
sample. Fig. 3a shows an image of the CuAuTiO2 sample in which an 
EDX mapping was obtained from a portion of the image, revealing the 
presence of Ti, O, Au and Cu atoms in Fig. 3b, c, d and e, respectively. 
These EDX measurements suggest the formation of Cu and Au alloys 
supported on TiO2. Added to the above, HRTEM characterization of 
AuTiO2 revealed that the observed dark spots with d-spacing values of 
0.235 nm characteristic of the (111) facets of Au NPs, SI 4. Similarly, the 
presence of 0.36 nm lattice spacings revealed the presence of (101) 
facets of TiO2 anatase, SI 4. Complementary, characterization by SEM- 
EDX by point analysis or elemental mapping further confirmed the 
chemical nature of these Au or TiO2 NPs, SI 5. In the case of CuAuTiO2 
solid, the measured spacing lattice of the fringe from HRTEM analysis 
was 0.23 nm, SI 6, a value that is between the value of Au (111) facet 
(0.235 nm) and Cu (111) (0.2087 nm) and associated with the formation 
of CuAu alloy [51]. Additionally, SEM-EDX analyses confirmed the 
presence of Au and Cu elements within the same particle in agreement 

with the formation of alloy metal NPs, SI 7. 
The materials were further analyzed by XRD and UV–Vis spectros

copy, with the aim of studying possible changes in the crystalline 
structure and optical properties of the materials. Fig. 4a shows the XRD 
diffractograms of the AuTiO2, CuAuTiO2 and pristine TiO2 samples. The 
main signals corresponding to the TiO2 crystalline structure were 
observed and are labeled as peaks (a), (b) and (c), which appear at 25, 27 
and 38◦, respectively, and are in agreement with the diffraction planes 
of the anatase phase (101), rutile (100) and a group of signals attributed 
to diffraction planes of TiO2 such as (103), (004) and (112), respectively. 
Additionally, for TiO2 decorated with Au, peak (c) is accompanied by 
signals corresponding to Au crystalline planes (111), confirming the 
decoration of the semiconductor with this metal, SI 8. The intensities of 
peaks (a) and (b) were determined following a methodology reported by 
Spurr and Myers [52] to analyze the proportions of the anatase and 
rutile phases, SI 9; the results are detailed in Table 1, which shows the 
anatase and rutile compositions, as well as the crystallite size obtained 
by the Scherrer equation. As observed, 86.4 % and 13.6 % of the 
analyzed samples were anatase and rutile, respectively, and exhibited no 
significant changes over the employed metallic decoration, suggesting 
that the modification of TiO2 is mostly superficial without relevant 
alteration of its crystalline structure during photoreduction synthesis. In 
addition, the crystalline sizes of both phases were calculated by the 
Scherrer equation, SI 10, and the results revealed sizes of approximately 
20.1 ± 0.1 and 25.9 ± 1.7 nm, similar to those observed in the TEM 
images; these findings were probably attributed to the polymorphic 
composition of the Degussa P25 TiO2. On the other hand, the optical 
properties of the samples obtained by DRS, Fig. 4b, depicts an absorption 
band at 550 nm for the case of the decorated systems, which corresponds 
to the plasmonic light absorption band of the Au and CuAu-based 
nanostructures. The optical properties of the materials were further 
analyzed by Tauc plots, Fig. 4c, revealing considerable changes in the 
band gap of the semiconductor as decoration metals were incorporated 
[53]. First, pristine TiO2 showed a band gap at 3.24 eV, which mainly 
corresponds to the TiO2 anatase phase band gap, given its greater 
abundance in the material. Then, as Cu and Au atoms are deposited on 
the semiconducting surface, the band gaps of the different materials 
start to decrease, reaching values of 3.11 and 3.09 eV for TiO2 decorated 
with Au and CuAu NPs, respectively. The observed decrease in the band 
gap of the semiconductor was associated with an increase in the light 
absorption window of the materials loaded with Au and CuAu NPs in the 
visible region in agreement with the localized surface plasmon reso
nance of these metal NPs. Also, it is noteworthy that the optical prop
erties and the band position of these materials are in adequate 
agreement to carry out the photocatalytic hydrogen production by HER. 

To determine the influence of TiO2 decoration with Au or CuAu NPs 
on photogenerated carriers, several (photo)electrochemical measure
ments under simulated sunlight irradiation were carried out using 
pristine TiO2, AuTiO2 (1 %) and CuAuTiO2 (1 %). The transient photo
current responses of the corresponding FTO electrodes were evaluated 
using a mixture of acetonitrile and methanol to mimic photocatalytic 
hydrogen generation from water and methanol mixtures, in which 
methanol was used as a sacrificial electron donor. The obtained results, 
Fig. 5a, indicate that CuAuTiO2 exhibits the highest current intensity 
response, followed by AuTiO2 and pristine TiO2. Electrochemical 
impedance spectroscopy measurements were also carried out, and the 
results can be visualized with Nyquist plots, Fig. 5b. The smallest 
Nyquist arc radius was obtained for the CuAuTiO2 sample, followed by 
that of AuTiO2 and pristine TiO2. It should be noted that the smallest arc 
radius of a Nyquist plot corresponds to the sample exhibiting the lowest 
electric charge transfer resistance. To quantify these EIS results a 
simplified Randles equivalent circuit, SI 2, was used to fit each spectrum. 
This Randles circuit is equivalent to an equivalent electrical circuit 
consisting of a series of resistance (Rs) and double-layer capacitance 
(Cdl). The obtained charge transfer resistance of CuAuTiO2, AuTiO2 and 
TiO2 were 2175, 3553 and 3914 Ω, respectively. In summary, transient 

Fig. 1. Schematic representation of the surface modification of TiO2 with 
metal NPs. 
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photocurrent measurements and Nyquist plots indicate that the effi
ciency of photoinduced charge separate and transfer electrons decreases 
in the order CuAuTiO2 > AuTiO2 > TiO2. 

After characterizing the Au- and CuAu-supported TiO2 materials, 
they were embedded inside chitosan biobased hydrogels, a system that 
was physically crosslinked by tripolyphosphate molecules, a polyanionic 
molecule that is able to interact with multiple protonated amino groups 
present in the chitosan chains to drive the formation of the hydrogel 
network [54]. The incorporation of decorated TiO2 was initially 
confirmed by the distinctive purple coloration of the hydrogel due to the 
presence of the metal NPs, Fig. 6a, obtaining gel beads with average size 
of 1.46 mm, SI 11; this coloration was not affected after successive 
washing treatments, initially suggesting a proper stabilization of the NPs 
by the polymer chains. Subsequently, the thermal properties of the 
hydrogel nanocomposites were studied by TGA. Fig. 6b shows that the 
samples had a considerable capacity to swell with water, as indicated by 
the notable weight loss observed at a maximum degradation rate (Tmd) 
of 100 ◦C, which represents approximately 85 % w/w of the ChTPP 
hydrogel. In addition, a second degradation stage was also possible to 
detect, with a Tmd of approximately 294 ◦C, probably corresponding to 
the thermal degradation of the chitosan chains that form part of the 
nanocomposite. Similarly, the thermal degradation profile of the hy
drated AuTiO2/ChTPP beads exhibited analogous behavior but with a 
lower water content, near 80 % w/w, which might indicate the expul
sion of water molecules from the hydrogel by the incorporation of NPs to 
form the composite. Additionally, the second degradation stage was also 
observed but with a slight shift in the Tmd to lower temperatures, which 
might provide insight into the possible interactions between the organic 
and inorganic portions that form the nanocomposite. In this regard, with 
the goal of obtaining deeper insight into the composition of the nano
composite, lyophilized samples of the materials were also analyzed; the 
results are depicted in Fig. 6c and show two main thermal weight loss 
stages. The first stage was found with a Tmd near 100 ◦C and was 
assigned to the evaporation of moisture still adsorbed to the polymer 
network after the lyophilization process. A second stage was subse
quently observed with a Tmd at approximately 302 ◦C, which was 
probably ascribed to the degradation of chitosan chains during thermal 

analysis, as indicated in previous works [55,56]. On the other hand, 
despite the presence of the decorated TiO2 embedded in the hydrogels, 
the thermal degradation profile of the systems containing NPs was 
similar to that of pristine chitosan prior to the synthesis of the hydrogels, 
SI 12, and ChTPP lyophilized hydrogels, suggesting that the NPs did not 
introduce new thermal degradation stages. However, the second 
degradation step showed a considerable shift in the Tmd to lower tem
peratures in the case of the nanocomposites, with a Tmd of 270 ◦C, which 
was clearly observed in the DTG curves of the samples, SI 13, confirming 
that the thermal properties were modified during the analysis of the 
hydrated gels. The decrease in the thermal stability of the nano
composites could be associated with the presence of MTiO2 inside the 
matrix, in which the NPs could interact with some chitosan functional 
groups, tending to weaken some chemical bonds in the polymer back
bone and facilitating thermal degradation at lower temperatures. In 
addition, it is important to acknowledge the final amount of residue at 
the end of the TGA experiment, in which a considerable increase in the 
number of substances containing NPs was found in comparison with that 
in pristine ChTPP samples. This residue is probably composed of a 
mixture of carbonaceous material obtained from the anaerobic calci
nation of the organic portion of the material that is not able to decom
pose into small molecules and volatilize [57]; this mixture is 
accompanied by inorganic NPs, which do not undergo significant ther
mal decomposition under the employed experimental conditions, as 
stated previously. Considering the above, the differences in the final 
residue value could be employed as a way to approximately determine 
the amount of inorganic material in the composites; difference that 
seems to be near 20.9 % w/w for the composite and is in close agreement 
with the nominal value employed during the synthetic procedure to 
prepare the samples, which is approximately 23 % w/w considering the 
concentrations of the MTiO2 dispersion and polymer solution, remark
ing the ability of the ChTPP hydrogels to successfully encapsulate the 
NPs in its matrix confirmed that the hydrogel could serve as an adequate 
support for dispersing and transporting the NPs. 

The lyophilized hydrogels were also characterized by FT–IR spec
troscopy to determine the interactions of the chitosan chains with the 
MTiO2, Fig. 6d. The spectra of the pristine chitosan beads revealed the 

Fig. 2. SEM (a, d) and TEM (b, e) images of AuTiO2 (a, b) and CuAuTiO2 (d, e). Panels (c) and (f) contain the Au and CuAu particle size distributions, respectively.  
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presence of the main signals corresponding to the chitosan functional 
groups, identified as follows: (1) O–H stretching vibration overlapped 
with N–H stretching vibrational bands at 3200 cm− 1 and (2) C–H 
stretching band at 2870 cm− 1. Signals (3) and (4) correspond to the 
vibrational modes of amide functional groups, referred to as amide I and 
amide II vibrations, respectively, in which the first band appears at 
1631 cm− 1 corresponding to the stretching vibration of C––O groups in 
the acetylated portions of chitosan, while the second band is attributed 
to the bending vibration of N–H and C–N bonds, which appears at 
1531 cm− 1. Afterwards, signal (5) indicates the stretching mode of the 
P––O present in the TPP crosslinker used to initially form the hydrogels 
at 1151 cm− 1, confirming its role during the synthetic procedure. 
Finally, the signal (6) at 1057 cm− 1 indicates the vibrational modes of 
the C–O and C–O–C bonds of the glycosyl units of chitosan, similar to 

previous reports by Zawadzki and Kackzmarek [58]. Then, as the 
different NPs were incorporated to form the nanocomposites, the main 
signals attributed to the chitosan support were still found; however, 
slight changes were observed. First, the incorporation of TiO2 tends to 
shift the band assigned to the stretching of hydroxyl and amine groups to 
higher wavenumbers, reaching approximately 3283 cm− 1. In contrast, 
the opposite effect was observed for C–O bonds, which shifted to lower 
wavenumbers, reaching a maximum intensity at 1038 cm− 1. Moreover, 
it is important to note that the band assigned to the amide II vibration 
shows a considerable decrease in intensity and a shift to higher wave
numbers at 1558 cm− 1. Additionally, a similar slight blueshift was also 
observed for the amide I vibrational mode, reaching 1651 cm− 1. Similar 
results were also observed for the nanocomposites containing AuTiO2 
and CuAuTiO2, which might indicate the relevant participation of these 

Fig. 3. (a) FESEM image of the CuAuTiO2 sample and EDX mapping for (b) Ti, (c) O, (d) Au and (e) Cu. The corresponding EDX spectrum is shown in panel (f).  
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functional groups, mainly amines, hydroxyls and carbonyls, in inter
acting with the surface of the incorporated NPs to achieve dispersion in 
the material; these results have been addressed by Li et al. [59] and 
Chrissafis et al. [60] for the stabilization of CdS quantum dots and SiO2 
nanoparticles with chitosan, respectively. Similarly, Chen and co
workers discussed the blueshift of amine vibrations in terms of the 
strong interaction between amine lone pairs by hydrogen bonding in
teractions [61]. In this sense, the interaction mode could be expanded to 
include chitosan hydroxyls, amines and amides with the surface of the 
hydroxyl functional groups of TiO2, serving as anchor groups to retain 
and stabilize the NPs. In addition, the presence of Au and CuAu NPs on 
TiO2 could serve as important points for interaction with chitosan 
functional groups, in which the participation of the hydrophilic func
tional groups of chitosan with these kinds of nanostructures has been 
previously explored by the DSC technique, revealing important conse
quences for the amount of freezable water inside hydrogels by the 

introduction of these kinds of NPs [62]. In addition, the observed shifts 
in the vibrational modes of the chitosan functional groups might also be 
correlated with the changes observed in the Tmd obtained for the 
nanocomposites. In this context, strong interactions between dispersants 
and stabilizing groups such as hydroxyl, amine, or amide groups could 
decrease the bond strength of chitosan main chain bonds, as observed in 
the redshifts in the C–O and C–O–C vibrational modes, which translates 
to a decrease in the bond strength of the glycosidic main chain, affecting 
the thermal stability of the nanocomposite. 

Later, the hydrogel nanocomposites were evaluated as photo
catalysts for the HER under both visible and simulated sunlight irradi
ation, Fig. 7. Based on previous reports, it is likely that the reaction 
proceeds via several reaction steps that involve several elementary steps, 
such as the photogeneration of charge carriers (Eq. (1)), the reduction of 
protons (Eq. (2)) and the oxidation of hole-scavenging species such as 
methanol (Eq. (3)) [63,64]. 

TiO2 + hʋ→h+ + e− (1)  

2H+
(ads) +2e− →H2 (g) (2)  

CH3OH(ads) + h+→CH3OH˙
(ads) +H+ (3) 

To conduct the photocatalytic reactions, certain amounts of lyophi
lized samples were immersed in a methanol–water mixture inside a glass 
reactor and tested using different light filters. In this scenario, methanol 
acts as a hole scavenger for the photogenerated holes in the semi
conductor, increasing the lifetime of the photogenerated electrons and 
favoring the proton reduction reaction to H2 [65,66]. Fig. 7 summarizes 
the obtained hydrogen production rates using the series of photo
catalysts under simulated sunlight or visible light irradiation. As can be 
observed, AuTiO2 and CuAuTiO2 loaded into ChTPP beads were more 
photocatalytic active than TiO2/ChTPP, results that reveals similar 
hydrogen production rates trends to the one demonstrated by NPs in 
absence of the hydrogel support, SI 14. Control experiments revealed 
that in the absence of photocatalyst or in the presence of ChTPP beads 
without TiO2 immersed in the reaction medium, hydrogen was not 
generated. This order of photocatalytic activity agrees with the effi
ciency of photoinduced charge separation achieved by CuAuTiO2/ 
ChTPP, AuTiO2/ChTPP and TiO2/ChTPP, as evidenced by the transient 
photocurrent and Nyquist plots. In a control experiment using TiO2 
suspended in water in the absence of and in the presence of dissolved 
chitosan revealed a photocatalytic hydrogen production of 38.55 or 
119.38 μmol g− 1 h− 1, respectively, a fact that agree with the role of 
chitosan as hole-scavenger species. To gain more information about the 
photoinduced charge separation and reaction mechanism during the 
HER, an analogous photocatalytic experiment using CuAuTiO2/ChTPP 
but using only water as reaction medium was conducted. The obtained 
results showed that hydrogen generation using pure water is lower (263 
μmol g− 1 h− 1) than that achieved when using a water:methanol mixture 
(1790 μmol g− 1 h− 1). This data reinforces the photocatalytic reaction 
mechanism in where irradiation of the photocatalyst results in the for
mation of electrons and holes. Photogenerated electrons are responsible 
of proton reduction reaction to hydrogen while photogenerated holes 
responsible of water or methanol oxidation. The lower photocatalytic 
hydrogen generation when using pure water agrees with the fact that 
water oxidation to oxygen a more kinetically and thermodynamically 
demanding half-reaction compared to methanol oxidation [67]. 

In good agreement with the optical properties of TiO2/ChTPP, this 
solid exhibited negligible photocatalytic activity under visible light 
irradiation (λ > 420 nm). Importantly, AuTiO2/ChTPP and, in partic
ular, CuAuTiO2/ChTPP are active under these conditions. Interestingly, 
even though CuAuTiO2/ChTPP has a lower cocatalyst content (0.8 mol% 
with respect to TiO2) than does AuTiO2/ChTPP (1.2 mol% with respect 
to TiO2), the former exhibits higher activity. The higher activity of 
CuAuTiO2/ChTPP can be attributed to the presence of relatively small 

Fig. 4. (a) XRD diffractograms, (b) DRS spectra, (c) Tauc plots and (d) energy 
band level diagram of TiO2 P25 NPs and the redox potentials for water split
ting reactions. 

Table 1 
Summary of the phase composition and average crystallite diameter for the 
different nanocomposites.  

Sample %A %R d (nm) 

Anatase Rutile 

TiO2  86.7  13.3  20.2  27.8 
1 % AuTiO2  86.5  13.5  20.0  24.4 
1 % CuAuTiO2  86.0  14.0  19.9  23.9  

Fig. 5. (a) Transient photocurrent responses and (b) Nyquist plots of CuAuTiO2 
(blue), AuTiO2 (red), and TiO2 (yellow). 
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bimetallic alloyed CuAu NPs compared to that of AuTiO2/ChTPP. A 
similar result was previously reported by Yu and coworkers, who 
observed the remarkable synergy of CuAu bimetallic nanostructures 
deposited on semiconducting materials, which were employed for the 
photoreduction of CO2 into value-added products [68]. Based on the 
authors' findings, the increase in which Cu atoms on the catalysts 
improve not only the photoreduction of CO2 but also the generation of 
hydrogen could be associated with the better capacity of Cu atoms to act 
as active sites to perform the reduction reaction when combined with Au 
atoms. 

Under both solar-simulated and visible-light irradiation conditions, 
catalysts loaded with MTiO2 demonstrated a considerably enhanced 
hydrogen production performance against pristine TiO2 encapsulated 
inside the hydrogels. In addition, under simulated solar conditions, the 
catalyst demonstrated a considerable enhancement over that of the 
hydrogels loaded with TiO2, which was also remarkably greater than 
that observed under visible light irradiation conditions. The observed 

behavior of the catalysts could be attributed to different factors; in fact, 
the observed tendency under visible light conditions could be mostly 
attributed to the increase in the absorption window of the material into 
the visible region, as observed during the characterization of the optical 
properties of the different materials, allowing an improved absorption of 
photons to excite electrons from TiO2, which latterly conducts the HER 
[69]. On the other hand, under simulated solar conditions, with a slight 
presence of UV radiation, the catalyst exhibited considerably greater 
performance, in which the advantage observed under visible light irra
diation was added to a decrease in the recombination rate of photo
generated species, improving the lifetime of photogenerated electrons to 
conduct the reduction reaction. This effect has been previously 
described in the literature by the formation of a Schottky barrier at the 
metal–semiconductor interface, promoting an electron trapping mech
anism [63,70]. This is in agreement with our findings, in which transient 
photocurrent and Nyquist plots demonstrate the enhanced capability of 
decorated semiconductors to photogenerate and to transfer them in 

Fig. 6. (a) Digital image, (b) TGA of wet hydrogel samples, (c) lyophilized samples, and (d) FT–IR spectra.  

Fig. 7. (a) Photocatalytic hydrogen generation profiles of TiO2/ChTPP, AuTiO2/ChTPP and CuAuTiO2/ChTPP using AM 1.5G and 420 nm cutoff filters. (b) Hydrogen 
generation recyclability tests using the CuAuTiO2/ChTPP nanocomposite under simulated solar irradiation with an AM 1.5G filter. 
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order to carry the HER. 
Given the noteworthy activity of the hydrogels loaded with CuAu

TiO2, recyclability assays were subsequently conducted to test the sta
bility of the nanocomposite during several catalytic cycles. The 
hydrogen production rates obtained in each cycle are depicted in Fig. 7b. 
The catalyst was able to continuously generate hydrogen over the 
evaluated cycles, reaching rates of 1790 μmol g− 1 h− 1 in its first cycle, 
with a slight decrease in the subsequent cycles, obtaining average pro
duction rates of 1354 and 1263 μmol g− 1 h− 1 in the second and third 
cycles, respectively. This demonstrates mild activity from the material 
after continuous irradiation lapses, which is comparable to the results 
reported by Mondal et al. [71], who observed a decrease in the catalytic 
activity of Cu/CuO@TiO2 during recyclability experiments, which was 
mainly attributed to a disruption of the interaction between the cocat
alyst (Cu/CuO) and the semiconductor, mostly related to the long pe
riods of irradiation, an effect that could explain the observed result by 
our nanocomposites. Additionally, the stability of CuAuTiO2/ChTPP 
after three consecutive uses was assessed by XRD, SI 15, and ICP-OES 
measurements, SI 16. The obtained results indicate that the crystal
linity of the sample is preserved after the photocatalytic uses while a 
small metal leaching from the solid to the solution was observed in the 
case of Cu (1.75 wt%) and in less extent for Au (0.065 wt%) or Ti (0.023 
wt%) elements. 

Finally, the nanocomposites were compared against other photo
catalytic nanocomposites reported in the literature, as shown in Table 2. 
However, it is noteworthy that it is difficult to compare materials, given 
the wide diversity of systems and setups employed to test the activity of 
the material, such as the variability of lamps, irradiation intensities, 
filters, reaction media and metallic load, just to name a few [72]; 
however, these factors were considered to provide a more accurate 
description of the material for comparison. Despite the above, according 
to the results obtained for the nanocomposites synthesized in this study, 
AuTiO2/ChTPP and CuAuTiO2/ChTPP exhibited adequate activity 
compared with semiconducting materials decorated with only noble 
metals, such as those used by Méndez et al. [72] with a hydrogen pro
duction rate of approximately 2336 μmol g− 1 h− 1 by using TiO2 deco
rated with Au NPs together with other metallic elements, such as Pt, Pd 
and Ag; the introduction of Pt helped to reduce the recombination of 
photoexcited species, improving the half lifetime of these species to 
reduce water molecules. Nevertheless, those systems presented a 
metallic decoration of approximately 0.5 % w/w, which is above the 
value employed in this work and could explain the higher catalytic 
performance reported by the authors. In addition, the poor photo
catalytic activity of TiO2 and Pt/TiO2 for the generation of hydrogen 
under similar irradiation conditions was also reported (~one sun with 
an AM 1.5G filter), in which no hydrogen evolution was detected. 

4. Conclusions 

A biobased nanocomposite capable of driving the photocatalytic 
production of hydrogen under simulated sunlight irradiation was ob
tained in this work. The material consisted of decorated TiO2 with low 
amounts of Au and Cu NPs, 1.2 and 0.8 mol% for the Au- and CuAu- 
decorated systems, respectively, as evidenced by ICP–OES and further 
characterized by several techniques, such as HR–TEM, FE–SEM and 
EDX. Characterization of Au- or CuAu NP-supported TiO2 revealed that 
these solids exhibit a lower band gap than pristine TiO2, enabling visible 
light absorption associated with the LSPR absorption of Au and Cu 
nanostructures. Importantly, compared with TiO2, AuTiO2 and, espe
cially, CuAuTiO2 exhibited greater photoinduced charge separation ef
ficiencies based on their transient photocurrent response and Nyquist 
plots. After the incorporation of the decorated NPs into the hydrogels, 
slight changes in the thermal properties of the nanocomposites and shifts 
in the vibrational modes of the chitosan functional groups were 
observed. These results helped to support important interactions be
tween chitosan functional groups, mainly hydroxyl, amine, and amide 
groups, and the surface of TiO2 to achieve stabilization and proper 
encapsulation inside the hydrogel structure. Finally, the nano
composites were tested for photocatalytic HER using water and meth
anol mixtures under simulated sunlight irradiation. CuAuTiO2/ChTPP 
exhibited the highest activity (1790 μmol g− 1 h− 1), followed by AuTiO2/ 
ChTPP (1402 μmol g− 1 h− 1), and finally, the pristine TiO2/ChTPP results 
agreed with the relative efficiencies of charge separation for these 
MTiO2 solids. Furthermore, Au and CuAu NP-supported TiO2 were also 
found to be active under visible light irradiation (λ > 420 nm) and 
associated with the LSPR of these NPs. These results serve as interesting 
preambles for the use of biopolymers in photocatalytic hydrogen gen
eration technologies. Hazard concerns of the material, mostly safe 
product to be employed. 
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Table 2 
A comparison of the hydrogen production rate with that of other photocatalysts can be found in the literature.  

Sample Metal (% w/w) Irradiating source Irradiation window Hole scavengers (% v/v) rH (μmol gcat
− 1 h− 1) Reference 

Au/TiO2 0.5 Xe 450 W 345–575 nm Methanol (50)  2336 [72] 
Ag/TiO2 0.5 Xe 450 W 345–575 nm Methanol (50)  716 [72] 
Au/TiO2 1 Solar Simulation 300 W Filter AM1.5 Methanol (25)  307 [73] 
PtAu/TiO2 1a – 1b Solar Simulation 300 W Filter AM1.5 Methanol (25)  1091 [73] 
AgAu/TiO2 1b – 0.5c Solar Simulation 300 W Filter AM1.5 Methanol (25)  466 [73] 
Pt/TiO2 0.5 Purple Lamp 13 W 250–400 nm (52 %) 

400–700 nm (48 %) 
Methtanol (50)  349 [74] 

Pt/CXB@CdS 0.1 Xe 300 W λ > 420 nm Na2S (0.35 M) Na2SO3 (0.25 M)  287 [75] 
NFC@Fe3O4@TNP – Xe 300 W 300 nm Methanol (20)  436 [76] 
AS/NTO/CS 0.1a – 17.5c Xe 300 W No filter Triethanolamine  62 [77] 
AuTiO2/ChTPP 1.2d Hg-Xe 150 W Filter AM1.5G Methanol (10)  1402 This work 
CuAuTiO2/ChTPP 0.8d Hg-Xe 150 W Filter AM1.5G Methanol (10)  1790 This work  

a w/w percentage of Pt deposited on the semiconducting material. 
b w/w percentage of Au deposited on the semiconducting material. 
c w/w percentage of Ag deposited on the semiconducting material. 
d mol percentage of metals deposited on the semiconducting material. 
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