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Photocatalytic Hydrogen Production: A Rift into the
Future Energy Supply

& 57 and Paolo Fornasiero*®

Konstantinos C. Christoforidis




Photocatalytic hydrogen (H,) production is a process that con-
verts solar energy into chemical energy by means of a suitable
photocatalyst. After the huge amount of systems that have
been tested in the last forty years, the advent of nanotechnol-
ogy and a careful design at molecular level, allow to obtain at-
tractive activity, even using pure visible light. At the same time
we are approaching reasonable photocatalyst stability in labo-
ratory test, and the attention is paid to identify cost-effective
photocatalysts that might find real applications. This Review

1. Introduction

Nowadays, one of the main technological challenges that we
are facing is the ability to provide a sustainable supply of clean
energy. Over the last decades the world energy consumption
has been grown exponentially. This, together with the progres-
sive depletion of fossil fuels reserves and the negative environ-
mental impact of their use make indispensable the develop-
ment of technologies for energy production based on renewa-
ble resources. Among all possible options, the largest renewa-
ble energy resource is provided by the sun. The average daily
energy provided by the sun (10%)J) covers by far the global
annual current demands for energy." Therefore, solar energy
presents the greatest potential to meet the future energy de-
mands under the rules of sustainability. Thus, the exploitation
of solar energy seems suitable both to cover energy demands
in the future and overcome environmental related issues origi-
nating from the traditional energy production processes based
on fossil fuels.

The need to harvest and convert solar energy into an appro-
priate energy form (electricity, chemicals, or fuels) has trig-
gered intensive research in this field. Over the last decades dif-
ferent strategies have been developed. The photovoltaic cell
technology converts solar energy into electrical energy. It is
a commercialized process and the efficiency has been in-
creased significantly over the last years, exceeding the signifi-
cant value of 20%. However, despite major improvements in
smart grids and new batteries, large scale energy storage re-
mains a major limitation. On the contrary, converting solar
energy into chemical energy producing renewable fuels, the so
called “solar fuels”, provides obvious advantages for practical
applications. In this regard, the direct conversion of solar
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provides a broad overview of the elementary steps of the het-
erogeneous photocatalytic H, production, including an outline
of the physico-chemical reactions occurring on semiconductors
and cocatalysts. The use of different renewable oxygenates as
sustainable sacrificial agent for the H, production is outlined,
in view of a transition from fossil fuels to pure water splitting.
Finally, the recent advances in the development of photocata-
lyst are discussed focusing on the current progress in organic
and hybrid organic/inorganic photocatalysts.

energy to chemical energy can be performed through two dif-
ferent routes: a) CO, reduction into hydrocarbons (e.g. meth-
ane, methanol, ethanol etc.) and b) H, generation.

H,, a carbon-free fuel, is potentially an ideal energy carrier.
When combined with O, in a Fuel Cell (FC), the chemical
energy stored in the H-H bond is released producing water
only. However, before the World can face a new energy scenar-
io, there are several issues that must be solved. Amongst
them, the realization of an efficient H, production process that
meets industrial needs is the most crucial step. Ideally, such
method must take into account a long-term supply of the H,
source, environmental aspects such as minimization or elimina-
tion of any waste products with particular attention to CO, or
any other greenhouse gas (GHG). A variety of process technol-
ogies have been proposed so far including thermal chemical,
chemical, biological, electrolytic, photoelectrolytic, and photo-
catalytic processes. These processes make use of carbon feed-
stocks (fossil fuels, biomass, wastes) or water as H-source.?
Currently, the vast majority of H, is produced from natural gas
through the steam reforming of methane (SRM), a process
which is followed by the water-gas shift reaction (WGS)
making use of the produced CO in the first step to maximize
H, production.® However, this approach cannot be considered
sustainable owing to the limited availability of fossil fuels and
the production of CO,, a major GHG that contributes to the
global warming. Most of the methods mentioned above re-
quire high pressures and temperatures, the application of an
external bias or the use of non-renewable H, source. Amongst
them, photoassisted processes making use of solar irradiation
and H,O or potentially renewable feedstocks present obvious
advantages and have gained significant attention over the last
years. Recent studies have shown that H, production using
solar light driven approaches are potentially competitive com-
pared to conventional methodologies based on non-renewable
resources.”

Since the pioneering work of Honda and Fujishima in 1972
which demonstrated photoassisted electrochemical water split-
ting (WS) into H, and O, various approaches and photocata-
lysts have been applied for solar light driven catalytic H, pro-
duction. Among these methods, photocatalytic H, production
from water, operating under ambient conditions (pressure,
temperature), is the most attractive and challenging. This ap-
proach correspond to a stand-alone process that harvests and



stores solar energy into chemical energy. As an alternative pro-
cess to pure WS, photoreforming makes use of oxygenated or-
ganic substrates and solar energy. In this case, when bio-avail-
able oxygenates are used as sacrificial agents, the method is
considered to be close to a carbon-neutral process since the
produced CO, can be converted again into biomass through
plant photosynthesis. The entire sustainability strongly de-
pends on the origin of the organic substrate, i.e. non sustaina-
ble first generation biomasses or attractive second/next gener-
ation biomasses.”

The photocatalytic H, production process from WS consists
of two half reactions: the proton reduction and the highly de-
manding 4-electron water oxidation. In the photoreforming
process, oxidation of the organic substrate takes place instead.
The organic substrate serves also as a proton source. There-
fore, it can be considered as the coupling of the oxidation of
an organic substance and proton reduction.” The fundamental
reactions are given in the following Equations (1)-(4) and are
summarized in Figure 1.

2H" +2e” —H, Reduction half reaction (1)
2H,0 +4h" — O, +4H" Oxidation half reaction (2)
2H,0+20, — 2H, Overall water splitting (3)
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Figure 1. Schematic representation of redox reactions that take place on

a photocatalyst after e /h™ pairs are generated under light irradiation with
energy higher than the E; of the semiconductor. Water splitting (left-hand
reactions) and oxygenates (C,H,0,) oxidation under anaerobic conditions.
The rectangular highlights the photoreforming process.
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Photoreforming

The importance of photocatalysis in H, production has been
expressed by the fast growth of literature reports including re-
views. The WS reaction has been reviewed extensively® while
the photoreforming process is less documented.”® The pres-
ent Review is a comprehensive, systematic, and up-to-date
review, outlining the effect of the sacrificial agent and the co-
catalyst used, presenting the advantages on the field in terms
of novel photoactive materials and discussing the rationaliza-
tion of the key parameters controlling activity. A brief introduc-
tion on the elementary steps of photocatalytic reactions will
be given. The photoreforming process using oxygenates, car-
bohydrates and wastes, will be reviewed since pure WS or the
use of sacrificial agents simple for charge consumption are
more straightforward processes. The effect of using different
organic substances on H, production will be critically dis-
cussed. Considering that recent developments in novel synthe-
sis strategies allowed discriminating the effect of key materials
properties on activity, herein the crucial effect of the cocatalyst
will be critically analyzed. Finally, the recent progress related
with the photocatalyst development will be discussed with
particular attention to novel organic and hybrid organic/
inorganic photocatalysts.

2. Photocatalytic Principals and Drawbacks—
Elementary Steps

A chain of events must take place in order to guarantee the
occurrence of a photocatalytic reaction in the presence of
a semiconductor (SC). These are summarized in Figure 1 for
both pure WS and photoreforming process under anaerobic
conditions. The first and most crucial step is light absorption



and the formation of charge carriers (electron and hole pairs,
e /h™). Preferentially e~ and h* formation should take place
under solar light irradiation making use of the visible region of
light. When a SC is exposed to light irradiation of energy
higher than its band gap energy (E,), e  from the valence
band (VB) are excited to the conduction band (CB) leaving
behind h*. The photogenerated e~ and h™ can follow several
paths. Bulk and surface recombination can occur releasing
heat, hindering activity. Once separated and transferred on the
surface of the catalyst, these e /h™ pairs are able to perform
reduction and oxidation reactions.

The realization of a specific reaction is strictly related to the
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Figure 2. Upper panel: Band gap energies and band position of several sem-
iconductors in relation with the redox potentials of WS. The position of the
CB and VB edges are presented relative to the NHE at pH 0. Lower panel:
Oxidation potentials of several organics and their position with respect to
redox potentials of WS.

actual band structure of a SC (Figure 2). The CB and VB edge
potentials define the reduction and oxidation ability of e and
h*, respectively. In the case of H, photoproduction, the
bottom of the CB must be more negative than the H*/H,
redox couple (0V vs. NHE, pH 0). In the WS process, in order
for the oxidation half reaction to occur the top of the VB
should be more positive than the oxidation potential of O,/
H,O (1.23 V vs. NHE, pH 0). Therefore, the theoretical minimal
E, for WS is 1.23 V. In practice this value rises to 2.0-2.4 eV,
owing to kinetic overpotentials and energy losses during the
process. In terms of thermodynamics, the WS reaction is an
uphill reaction as evidenced by the large positive charge in
Gibbs free energy (AG°= +237.2 kimol™"). This is attributed to
the endothermic oxidation half reaction, which is however es-
sential for the overall process providing protons and e~ for the
reduction half reaction. The highly demanding oxygen evolu-
tion reaction is the bottleneck of the pure WS reaction since
there are few narrow E; materials that can catalyze both half
reactions. Notably, working at neutral pH or pH >0 is thermo-
dynamically more challenging due to the lower proton
availability.

Usually, to evaluate the activity of photocatalysts, sacrificial
agents are used to monitor the efficiency towards one of the
two half reactions. However, active materials for one of the
two half reactions in the presence of a sacrificial agent are not
necessarily active for the overall WS process. In contrast to the
pure WS, organic substrates used in the photoreforming pro-
cess present lower oxidation potentials (0.08 V vs. NHE for eth-
anol)' (see Figure 2) scavenging h™ more efficiently and
therefore consuming faster h* preventing charge recombina-
tion, while, at the same time they can serve as proton
source.”! Therefore, from a thermodynamic point of view the
photoreforming process is less demanding process compared
with the pure WS reaction and diminishes in parallel the H,
and O, backward reaction.”™ For such a process to be consid-
ered realistic, the sacrificial agents used must be abundant and
continuously available, produced without competing for land
used for food production, and of low cost if not renewable. In
principle, various bioavailable substances can serve this role.

Different SC have been developed and applied in photoas-
sisted H, production reactions. Despite the huge efforts and
the promising results, efficiency is still far from practical appli-
cations. Among the different photocatalysts applied TiO, is the
most studied, owing to its inherent properties (non-toxic
nature, cheap, high chemical stability). However, TiO, exhibits
relatively fast recombination rates and is a wide band-gap
semiconductor (/3.2 eV for anatase) absorbing light in the
near UV region." This diminishes the efficiency under sun
light since UV accounts for only 3-4% of the solar energy. It is
generally accepted that an efficient photosystem must possess
1) efficient solar light harvesting and generation of redox
equivalents, 2) stability under working conditions and 3) be
cost-effective. The main technical challenges in the design of
suitable semiconductors include achieving 1) effective charge-
carrier separation, 2) fast diffusion of the photoproduced e~
and h* and 3)their migration to surface reactive centers,
4) correctly alignment of the band edges with the redox po-
tentials of the desired reactions, 5) exposed active centers and
6) simple material synthesis avoiding the use of rare materials.
It is clear, therefore, that efficiency depends primarily on mate-
rial engineering, which should aim at improving the key
parameters mentioned.

3. Using Oxygenates for H, Production—
Photoreforming Process

H, photoproduction from water and various organic com-
pounds in the presence of a SC was first demonstrated in the
early 80’s. A variety of organic compounds was used, including
methanol," ethanol,"® sugar,"” amino acids and proteins, raw
biomass,"® aliphatic/aromatic compounds, fossil fuels,"” CO,*”
ethylene,”" and lactic acid®? over TiO, and CdS catalysts. Com-
pared with pure WS, the increase in the observed H, produc-
tion was attributed to the lower Gibbs free energy change and
the production of CO, as the product of the oxidation half
reaction instead of O,.

Since these early reports, the field of photocatalytic H, pro-
duction from water using carbon containing compounds as



sacrificial agents has gained significant attention.”) Research
has mainly focused on the improvement of the catalysts prop-
erties, but also on mechanistic aspects and how the nature of
the sacrificial agent affects efficiency. Different organic com-
pounds have been investigated. Among them methanol is em-
ployed most often, owing mainly to its structure simplicity that
helps understanding reaction mechanism, its high H-content
and its potential to capture h™. Ethanol is also widely studied,
as it is only slightly more complex than methanol, having only
one C—C bond difficult to activate, but at variance with metha-
nol, it is not toxic. Bio-available compounds such as ethanol,
glycerol, and sugars originating from biological substrates or
even wastes are particularly attractive for the photoreforming
process.”’ In the following section, we will present some of the
most used organic sacrificial agents in photoreforming process
for H, production.

3.1. Sacrificial agent: Methanol

Methanol, as the simplest alcohol, containing only one hydrox-
yl group and one carbon atom, is considered the model mole-
cule for the photocatalytic H, production reaction. Consistently,
it was the ideal feedstock for the early studies on the photore-
forming mechanism. H, production by methanol photoreform-
ing was reported in 1980 by Kawai and Sakata™ who pro-
posed a reaction mechanism that proceed through the initial
formation of formaldehyde, followed by its oxidation to formic
acid as intermediates and finally its decomposition to CO, and
H,. A systematic study was done by Chiarello et al. using TiO,
functionalized with a series of noble metals (Ag, Au, Pt).” A
correlation between activity and the work function values of
the cocatalyst was observed.”*?"

In situ studies performed at ambient or near ambient tem-
peratures using metalized TiO, suggested the stepwise oxida-
tion of methanol on the surface of TiO, by photogenerated h™*
releasing protons and forming HCOH and eventually
HCOOH.””! The oxidation steps have been also suggested to
proceed via an indirect path involving OH" attack.”® Whereas
the methanol photoreforming process proceeds from the VB
h* (either direct or indirect), H, evolution takes place on the
cocatalyst.?**? |t has been suggested that H™ originating
from both H,O and methanol is used to generate H, in metha-
nol photoreforming,”*® and that increasing the methanol con-
centration significantly increases H, photoproduction.”® The
sorption of methanol, as well as the catalytic profile regarding
by-products formation, depends greatly on the conditions
used, such as the water/methanol ratio.”** However, HCOH
and HCOOH are considered the dominant oxidation interme-
diates.*>#<3% The suggested overall reaction over TiO, under

irradiation is the following [Eq. (5)—(7)]:2%>3"
CH,0H — HCOC + H, (5)
HCOH + H,0 — HCOOH + H, (6)

HCOOH — CO, + H, (7)

The catalytic conditions may also affect activity. Bahruji et al.
reported that H, production over a Pd/rutile TiO, catalyst is
10 times higher when the reaction is performed in the gas
phase compared with the liquid phase.®” They suggested that
the improved gas phase activity is related with the higher rela-
tive concentration of methanol and the reduced competition
with water for adsorption.

3.2. Sacrificial agent: Ethanol

Ethanol has been widely investigated as sacrificial agent for
the production of H, mainly because it can be produced on
a large scale from renewable biomass, including from cellulose
or lingo-cellulose.™ Ethanol photoreforming involves the for-
mation of acetaldehyde and acetic acid as in the following
(Eq. (8)-(9)]:

C,HsOH + 2h* — CH,CHO + 2 H* (8)

CH;CHO + H,0 +2h* — CH;COOH + 2H* (9)
with the concomitant production of H, via H™ reduction."®*
Acetic acid and acetaldehyde may undergo further oxidation
in parallel."® In addition to the direct reaction of ethanol with
h*, formation of acetaldehyde was also proposed to be initiat-
ed by the spontaneous formation of ethoxide on the surface
of TiO, followed by h* oxidation,?¥ or via ethanol oxidation
by OH"B* Acetaldehyde has always been found as the main
by-product, however, other products such as CH, CO,, CO,
C,H., CH, have been also detected in various ratios.*® Based
on the CO, and H, produced, complete ethanol photoreform-
ing has been reported over Pt/TiO, catalysts, presenting 50%
apparent quantum vyield (QY) of H, evolution at 365 nm.®” Re-
cently a 65% QY for H, production was reported using 1D
brookite nanorods.*® Acetaldehyde and 1,1-diethoxyetane
were produced via dehydrogenation while no CO, was ob-
served suggesting that ethanol oxidation takes place more
readily than acetaldehyde.

3.3. Sacrificial agent: Glucose

H, production from saccharides such as glucose reforming is
thermodynamically a favorable reaction since the change of
Gibbs free energy gives a negative value.?” Glucose can be ob-
tained from the hydrolysis of cellulose. High content of sugars
is also found in wastewaters from food processes. Therefore,
many catalysts have been tested for H, photoproduction using
glucose as model for biomass.'>**% |n 1983 John et al. first
studied the mechanism of glucose photoreforming over a Pt/
TiO, catalyst.”" They proposed that the —OH and —CHO termi-
nal groups are oxides by photogenerated h™, liberating pro-
tons and producing —COOH groups which undergo decarboxy-
lation with CO, evolution [Eq. (10)-(12)]:

R—CHO + H,0 +2h" — R—COOH + 2H*

R—CH,OH + H,0 + 4h* — R—COOH + 4 H"



R—COOH — RH + CO, (12)

H, production takes place on the platinized surface via conven-
tional reduction from the photogenerated e™. The reaction of
glucose with OH" has been also proposed for the production
of gluconic acid that is further oxidized to CO,.***¥ Zhou et al.
studied the effect of b-glucose epimerization on H, production
over a Pt loaded TiO, catalyst”? They suggested that the
lower catalytic activity when using the 3-b-glucose as sacrificial
agent originates from its lower adsorption on the surface of
TiO,. This underlined the importance to modulate the interac-
tion between the photocatalyst and the sacrificial agent to
bust the activity. In general, the presence of functionalities, i.e.
—OH or C=C, favors the adsorption on the surface. Enhanced
adsorption is directly translated to a quick diffusion of the sac-
rificial agent on the surface of the catalyst and an effective
scavenging of h™ species, providing in parallel readily available
H*. A detailed reaction mechanism of glucose photoreforming
process was proposed by Fu et al*¥ The mechanism includes
the bonding of glucose with undercoordinated surface Ti-sites
through hydroxyl oxygen atoms, dissociation of H", subse-
quent oxidation and decarboxylation reactions resulting even-
tual in CO, production (Figure 3). Improvement of H, produc-
tion via glucose photoreforming has been achieved by opti-
mizing the catalyst properties. Studies focused on improving
the textural properties of the catalyst, enhancing glucose ad-
sorption, but also controlling the strength of the cocatalyst/
semiconductor interaction and the actual band structure regu-
lating charge migration.'>4®-4%9 |n addition to glucose, Cara-
vaca etal. recently demonstrated that H, may be efficiently
produced directly from the photocatalytic reforming of cellu-
lose using noble-metal and Ni loaded TiO,.*¥ The authors sug-

gested that hydrolysis of cellulose into glucose is the first step
in the photoreforming process.

3.4. Sacrificial agent: Glycerol

The use of glycerol as sacrificial agent for H, production via
the photoreforming process is particularly interesting. Glycerol
is produced in large amounts being a 10 wt% by-product of
the biodiesel industry while it has still a limited demand in the
market. Therefore it is considered as waste and its use in H,
production, serving both as H-source and e donor, may
reduce additional disposal costs.""* Various catalysts have
been tested, the most investigate of which are again TiO,
based nanostructures.*® Although different intermediate prod-
ucts have been detected depending mainly on the catalyst
used,B*P47 the same main reaction products have been ob-
served in most studies either in the liquid phase photoreform-
ing or even the gas phase steam reforming of glycerol includ-
ing the formation of ketones, alcohols, and acids.**** Montini
etal. using Cu/TiO, nanocomposites under simulated solar
light irradiation reported the presence of 1,3-dihydroxypropa-
none and hydroxyacetaldehyde as the main by-products in the
liquid phase and CO, and H, in the gas phase.’* The full pho-
toreforming of glycerol to H, and CO, proceeds through the
formation of 2,3-dihydroxypropanal and the subsequent for-
mation of alcohols, aldehydes, and carboxylic acids. The initial
steps of glycerol oxidation have been proposed via the chem-
iadsorption of glycerol, the direct oxidation by h™ resulting in
the breaking of C—H bond and the formation of a ketyl radical
that transfers the electron on TiO, followed by release of the
keton ¢!

Figure 3. Proposed mechanism of the photocatalytic reforming of glucose on Pt/TiO,. Reprinted from Ref. [43] with permission from Elsevier.



Using a Pt/TiO, catalyst dispersed in aqueous solutions
under simulated solar light Kondarides and co-workers ob-
served only CO, and H, in the gas phase, whereas many of the
products were in the liquid phase, %% originating from
both the oxidation and reforming process.”® The experimen-
tally observed CO, and H, amounts were in excellent agree-
ment with the theoretically predicted stoichiometry, suggest-
ing complete reforming of glycerol to CO, and H,.27#?47 The
efficiency of light-to-chemical energy conversion increased
with increasing glycerol concentration and high values were
obtained (31%) under UV light irradiation attributed to the
suppressed H,/O, back reaction.*” Bowker and co-workers sug-
gested that H, evolution on Pd/TiO, proceeds through the dis-
sociation of adsorbed glycerol molecules with the concomitant
production of CO.F” In this scheme, photoactivated oxygen
species formed on the oxide migrate to the Pd and react with
CO removing it as CO.,.

3.5. Sacrificial agent: Pollutants and wastes

The use of organic pollutants present in water or wastewater
as sacrificial agents is definitely an attractive process with
a dual role: wastewater treatment with the simultaneous pro-
duction of H,. H, production over Pt/TiO, was evidenced using
benzene and phenol as e~ donors." The authors proposed
a direct oxidation of benzene by photogenerated h*, the for-
mation of phenol and catechol followed by ring opening and
finally CO, production. Photoreforming of phenol over plati-
nized TiO, nanotubes presented 12 times higher H, production
rate compared with the pure WS process.*® Choi and co-
workers studied the degradation of 4-chlorophenol, bisphenol
A, urea and urine under anoxic condition and the concurrent
production of H, over fluoride or phosphate modified TiO,
with different metal cocatalysts.*>*" They attributed the en-
hanced activity to a synergistic effect of the anions and the
metals deposited on the TiO, surface that increases the interfa-
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Figure 4. Schematic illustration of the interfacial charge transfer and recom-
bination occurring on a) Pt/TiO, and b) F-TiO,/Pt (or P-TiO,/ Pt). A represents
the surface adsorbed fluorides or phosphates and D indicates the organic
substrates. Reproduced from Ref. [49] with permission from The Royal
Society of Chemistry.

cial charge transfer. Surface fluorides and phosphates affect
the adsorption of organic substrates, eliminating external
charge recombination centers (Figure 4).

Patsoura et al. studied the production of H, and the simulta-
neous mineralization of common pollutants (alcohols, organic
acids, aldehyde) originating from biomass processing industries
over a Pt/TIO, catalyst under simulated solar and UV light irra-
diation."™® The H, production rates were correlated with the
photodegradation rates of the organic compounds used and
their size-dependent mobility. Li and co-workers studied the
effect on H, production of different pollutants in single com-
ponent or mixed systems over a Pt/TiO, catalyst”? Using
oxalic acid, formic acid and formaldehyde as sacrificial agents
they showed that H, production is linked with the adsorption
affinity of these compounds on the surface of the catalyst de-
termined using in situ IR spectroscopy.”? They also demon-
strate that inorganic anions, commonly found in industrial
wastes presenting high affinity to adsorb on the surface of the
catalyst, hinder H, production via competitive inhibition for ad-
sorption with the sacrificial agent.**' H, production and simul-
taneous dyes degradation has been also shown to proceed
over TiO, based photocatalysts.®™® Here again, the dyes en-
hance charge separation acting as scavengers of photogener-
ated oxidizing agents while enhanced adsorption of the dye
on the catalyst increased H, production. In a more appealing
application of the process, H, production over titania-based
catalysts was demonstrated using wastes as feed-stock. Liu
et al. studied the degradation of waste activated sludge and
the simultaneous production of H, using Ag/TiO,.** Photocata-
lytic H, production under UV and simulated solar light irradia-
tion was also demonstrated using olive mill wastewater as
feed-stock.”™ The catalytic conditions related with the key pa-
rameters of the catalytic process (substrate concentration, pH
value of the reaction mixture, amount of the catalyst used and
irradiation time) were optimized. In parallel to H, production,
an optimum of 84% degradation of the waste was achieved
using light irradiation in the range 100 to 280 nm® while no
significant degradation was observed at longer wavelengths
(366 nm).5"

4, Photocatalytic Reactivity

Undoubtedly, the physical and electronic characteristics of the
catalyst determine photoactivity. Recent theoretical contribu-
tions suggest that efficiency is governed by recombination
processes in the bulk of the catalyst that affect the number of
photogenerated charges reaching active sites.*® Many techni-
cal factors have been also found to affect the photocatalytic H,
production. These includes the pH value of the reaction mix-
ture, the temperature as well as the phase (liquid or gas-
stream) where the reaction is performed, the concentration of
the sacrificial agent used and the amount of the catalyst in the
suspension. To add to the complexity of the system, some of
the above mentioned factors depend greatly on the SC used.
For example, the amount of the catalyst where the optimal re-
action rates can be achieved may vary significantly from
sample to sample, depending on the absorption coefficient,



photon scattering/reflection and the catalyst degree of suspen-
sion.®” These issues caused inconsistencies in reporting activity
and made difficult the comparison of catalytic systems report-
ed in the literature.”® The technical parries have been recently
outlined by Qureshi and Takanabe.®®

A critical parameter that must be taken always into account
is the stability of the catalyst. For practical applications, a pho-
tocatalyst must not only be highly efficient in H, production
but also stable. Stability tests can be done by performing long-
time catalytic reactions or repeated experiment. To establish
the stability against photocorrosion phenomena, thorough
characterization of the catalyst must be performed after the
catalytic tests. An indicator of the catalyst stability is the con-
stant increase of the products concentration or stable reaction
rates (steady state) under extended irradiation period in batch
and contentious flow reactor set-ups, respectively. Stability is
a common problem for metal sulfides and dye-sensitized SC
using either metal complexes or organic sensitizers. Attempts
have been performed in both cases to solve this problem via
chemical fixation of dye molecules,”® encapsulation, the devel-
opment of core-shell materials and protecting surface
layers,’™® formation of composites that allowed facile charge
carriers separation® or the use of specific sacrificial agents as
h™ scavengers such as S*~ and SO,>" in the case of sulfides to
suppress photocorrosion.®”

Nevertheless, among the different factors that affect activity,
of particular importance is the nature of the sacrificial agent
and the cocatalyst used. These two parameters are discussed
in the following.

4.1. Different sacrificial agents

As a general role, the presence of hydroxyl groups in the sacri-
ficial agent is considered essential for efficient H, evolu-
tion.”>% |n addition, in most studies the increase of the struc-
ture complexity of the sacrificial agent used resulted to de-
creased H, production rates,“**%¥ although some controversial
results have been also reported in the literature. Using C3-
polyols (glycerol, propyleneglycol, and isopropanol) Fu et al. re-
ported that increase of the OH-groups in the structure of the
sacrificial agent results in increased H, and CO, evolution over
a Pt/TiO, catalyst.*® This was attributed on the dual function
of the OH-groups: 1) providing an anchor for the chemical ab-
sorption on TiO, and 2) serving as an effective h* scavenger.
The catalytic H, production rates over a Pt/TiO, catalyst
using the same concentration of different alcohols (5 vol.%) in-
creased in the following order: ethanol > isopropanol > n-bu-
tanol > methanol.?® However, at higher alcohol percentage the
performances in the presence of ethanol and methanol were
more comparable. In most of the studies, the use of methanol
as sacrificial agent compared with other alcohols resulted in
enhanced H, production rates.® % This is attributed to the
fast h* transfer process.® H, production rates have been
found higher using primary compared with secondary alcohols
over Au/TiO, catalysts while the catalytic activity was much
smaller using tertiary alcohols.”™ The polarity of the alcohol
used, which essentially affects the dissociative adsorption on

the TiO, catalyst, has been considered as one of the parame-
ters that controls H, production at least for mono-hydric alco-
hols, although the acidity and the steric hindrance may also
affect activity.24>6%%8 The kinetics of electron transfer reac-
tions between alcohols (e.g. e~ donors) and VB h* (a factor
linked with the oxidation potential of the sacrificial agent) has
been also shown to affect H, evolution over titania-based cata-
lysts.®® Based on studies using various alcohols it has been
shown that an essential parameter for H, production via the
photoreforming process is the presence of a-hydrogens on the
carbon where the OH-group is attached.’®*¢

In an effort to get insights into the photocatalytic mecha-
nism using different sacrificial agents, the effect of the oxida-
tion products of the parent sacrificial agent was studied. In the
case of methanol, higher H, production rates were achieved
using formic acid or formaldehyde over different photocata-
lyst.®®>>71 On the contrary, lower rates were achieved using
acetaldehyde and acetic acid compared with ethanol over Pt/
TiO, catalyst.®*®* This means that the intermediate products
formed using different sacrificial agents may have an opponent
effect on photoactivity. In addition, H, production rates
depend greatly on the concentration of the sacrificial agent
and concentration may differ significantly based on the
sacrificial agents used.

4.2, Role of the Cocatalyst

Materials without the presence of a cocatalyst are practically
inactive in H, evolution. Traditionally, noble metal nanoparti-
cles have been used as cocatalysts. It is generally accepted
that the cocatalyst can provide additional reaction sites and
favors charge migration and separation. The reason behind
this latter promotional effect relates with the formation of
a Schottky barrier originating from the difference in the Fermi
levels between the metal nanoparticles and the SC. This allows
the injection of photogenerated e~ from the CB of the SC into
the metal.” In addition, Bowker and co-workers suggested
also a direct involvement of the cocatalyst in the reaction
mechanism, participating in the initial steps of the reaction
such as dehydrogenation/ decarbonylation of the sacrificial
agent.”” Recently, Joo et al. proposed that the cocatalyst can
act as recombination center of “reduced H-atoms”."” Using
Au/TiO, as a model catalyst, they proposed a mechanism
where protons are reduced on the surface of the SC, the ob-
tained H* migrate to the metal cocatalyst and they recombine
forming H, (Figure 5B). This was accomplished by employing
model reactions using bare TiO, in the presence of reducible
ions in the reaction mixture and monitoring O, evolution or
using electron traps other than noble metal nanoparticles and
monitoring H, evolution.

Many factors can affect the performance of the cocatalyst.
Normally, there is an optimum cocatalyst amount towards en-
hanced photoactivity which varies depending on the cocatalyst
used. Initially, catalytic activity increases with increasing cocata-
lyst loading on the surface of the SC. At a certain point, further
increase of the cocatalyst loading will result to decreased pho-
tocatalytic activity. This can be attributed to: 1) shading effects
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Figure 5. Schematic representation of the mechanisms (Upper) and electron-
ic transitions (Lower) proposed to explain the role of metals (Au) in the pho-
tocatalytic splitting of water with SCs (TiO,). A) The metal acts as an e~ trap
that physically separates the excited e used for proton reduction from the
oxidation step that occurs on the surface of the SC. B) H" reduction occurs
at SC sites but that the resulting hydrogen atoms need to migrate to the
metal to recombine and produce the final H, product. Reproduced from

Ref. [70].

caused by excess cocatalyst loading; 2) increase of the particle
size with increasing cocatalyst’s content, with detrimental ef-
fects in charge recombination and specific surface area. The
Fermi level equilibrium may also be affected by the size of the
metal nanoparticle;”¥ 3) shielding effects by covering active
sites of the catalyst for oxidation or reduction reactions and,
4) reduced cocatalyst dispersion on the surface of the SC.

Pt appears to be one of the best candidates as cocatalyst,
owing to its large work function.” Fu et al. studied the H, pro-
duction rate from the photocatalytic reforming of glucose over
different noble metal loaded TiO, photocatalyst.*® The specific
activity was in the following order: Pt/TiO,> Au/TiO,> Pd/
TiO, >Rh/TiO, > Ag/TiO, > Ru/TiO,. The enhancement of the
photoactivity in the presence of the cocatalysts was attributed
to the formation of Schottky barrier while the observed trend
to the difference of the work functions of the metals: metals
with larger work function resulted in stronger Schottky barrier
effect, enhancing charge separation and improving activity.
Similar trends have been reported for the methanol photore-
forming process.”>’® Exceptions on the above rule have been
observed in the case of Au and Pd which seems more com-
plex. For example, H, production rates decreased in the order
Pd/TiO, > Pt/TiO,~Au/TiO, using different sacrificial agents.”
This was attributed to a combination of different factors in-
cluding the higher density of states in the vicinity of the Fermi
level of the Pd compared with that of Pt and Au and the lower
electron affinity of Pd enabling an easier electron transfer from
Pd to donor species. Recently, a detailed study from Jiang et al.
revealed key parameters that control H, evolution in Pt/TiO,
catalysts.”” Using different deposition processes for the devel-
opment of Pt nanoparticles on TiO,, they concluded that the
photodeposition process is superior because it allows the se-
lective deposition of Pt on suitable e~ trapping sites that short-
en the transferring pathway of e~ from the bulk to the surface.
In addition, internal-to-external reduction process permits the

total reduction of Pt and its intimate deposition on the oxide.
However, detailed sorption studies suggested that Pt deposi-
tion is facet-specific in platelike WO, crystals, determined pri-
marily by differences in intrinsic surface charge rather than the
preferential migration and collection sites of photogenerated
charges.”® These examples indicate that the deposition of the
same cocatalyst on different photocatalysts may vary
significantly.

The particle size of the cocatalyst is another critical parame-
ter.”77? This was clearly demonstrated by Shen et al. using Au/
CdS photocatalysts. Photoactivity was 11 times higher when
sub-nm Au nanoparticles were used as cocatalysts compared
with 9 nm Au.®” Increasing the size of the Au cocatalyst higher
than 12 nm also resulted in decreased H, production rates
over Au/TiO, catalysts.””

Bowker et al. studied the photocatalytic production of H,
over Pd and Au loaded TiO,*” Pd showed superior activity
compared with Au catalysts. This difference was attributed to
1) the electron affinity of the cocatalyst and 2)the actual
mechanism of the photoreforming process over the Pd and Au
cocatalysts. Since the electron affinity of Au is higher than that
of Pd, e are trapped more efficiently by Au, which may affect
the stability of surface intermediates and the e /h™ recombina-
tion rate. The adsorption as well as the stability of certain reac-
tion intermediates on Au and Pd varies significantly with a con-
comitant effect in the overall H, production rate. In addition,
photoactivity was also affected by the method applied for the
deposition of the cocatalyst that controlled the detailed mor-
phology and the interaction with the SC. More sophisticated
shell-protected metal nanoparticles using 11-mercaptoundeca-
noic acid as shell have been also developed and applied in H,
production. In this case, the thiol groups of the ligand interact
with the metal nanoparticles offering protection against ag-
glomeration and allowing a homogeneous dispersion of the
cocatalyst.® Using methanol as sacrificial agent, Rh(OH); and
Rh,0; over Nb-based catalysts were proven more active for H,
evolution against the corresponding Pt loaded catalysts.®”

In addition to the monometallic cocatalysts, recent studies
have demonstrated that SCs functionalized with bimetallic co-
catalysts present superior photoactivity against H, production.
Different materials have been prepared and tested, including
noble and non-noble metals, hetero- and homo-metallic coca-
talysts made of two metal elements. Au/Pd bimetallic cocata-
lysts loaded on TiO, presented a significant improvement in H,
evolution compared with the monometallic counterparts
(Figure 6).°7#Y This was attributed to the higher trapping elec-
tron ability by using alloy metal nanoparticles, originating from
the lower Fermi level. A similar explanation was given for Ag/
Pt bimetallic cocatalysts on TiO,, highlighting also the competi-
tion between Ag and Pt to gain electrons.®™” A schematic dia-
gram including the Fermi levels and work functions for the
mono- and bimetallic cocatalyst is illustrated in Figure 7.

The specific ratio of the two parts in a bimetallic cocatalyst
as well as the amount of the bimetallic cocatalyst may also
affect photoactivity.**“®? Cheng et al. have shown that the op-
timum Pt/Au molar ratio in the core-shell bimetallic cocatalyst
is 2. Lower amount of Pt is not enough to cover the surface of
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Figure 7. Schematic energy-band diagrams for A) Ag@TiO,, B) Pt@TiO,, and
C) Ag/Pt@TiO, heterojunctions. E,,, E;, @y, P, and y denote vacuum level,
Fermi level, work function of metal, Schottky barrier height, and electron af-
finity of the TiO, conduction band, respectively (in eV). Reproduced from
Ref. [82] with permission from The Royal Society of Chemistry.
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the Au core, while higher amount of Pt results also in the for-
mation of isolated monometallic Pt nanoparticles.® A molar
ratio in a comparable range was observed for Au/Pd core/shell
bimetallic nanoparticles (25/75) immobilized on Ti0,.* The
improved activity of bimetallic cocatalysts was also evidenced
in the photoreforming process of various renewable feedstock
over Pt—Au/TiO,, attributed to the alloy nature of the Pt/Au
system. B¢

Photoactivity presented also significant dependence on the
preparation process such as the reduction process applied for
the development of the monometallic and bimetallic cocata-
lyst. Materials prepared via reduction at 500°C presented up to
fourfold improvement compared with materials reduced at
250°C.B% The structure/morphology of the bimetallic nanopar-
ticle may also affect activity. Mizukoshi et al. demonstrated
that Au/Pd core/shell nanoparticles on TiO, presented higher
photocatalytic performance under visible light irradiation com-
pared with random Au/Pd alloys of the same composition. Sur-
prisingly, the trend was reversed under UV light irradiation.
Au/Pd and Au/Pt core-shell nanostructures deposited on TiO,

10

by chemical vapor impregnation method presented also
higher H, evolution rates compared with the corresponding
monometallic and Pd/Pt alloy cocatalysts.®” Zhou et al. dem-
onstrated that the structure of a ternary system made of CdS,
Pd and TiO, affects H, evolution significantly.®™ CdS (core)/ Pd
(shell) TiO, heterostructures (CdS/Pd/TiO,) presented 4 times
higher photoactivity compared with the corresponding materi-
al where the metal cocatalyst was deposited on the CdS/TiO,
heterojunction (Pd/CdS/TiO,) and 6.7 times than the bare CdS/
TiO, binary heterojunction. This was attributed to the Z-
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Figure 8. Schematic illustration of charge transfer in a) two-component and
b) three-component and c) heterojunctions. Reprinted from Ref. [84] with
permission from Elsevier.

Scheme like charge transfer mechanism in the CdS/Pd/TiO,
case, enhancing charge separation and improving H, produc-
tion from aqueous methanol solution (Figure 8c). Core-shell
Au@TiO, structures decorated with CdS nanoparticles demon-
strated high photocatalytic H, generation rates compared with
the corresponding binary systems due to the unique CdS/
Au@TiO, ternary structure, allowing the efficient transfer of
photogenerated e~ from the CdS to the core Au particles
while TiO, acted as the bridging part.’®®

Despite the high activity of noble metal based cocatalysts, in
order to make H, generation a more energy-efficient and eco-
nomical process, efficient noble-metal-free catalysts are re-
quired particularly in scale-up application. Therefore, of impor-
tance is to mention the progress over the last years on the de-
velopment of cocatalysts based on non-precious metals em-
ployed in photocatalytic H, evolution reactions. Different tran-
sition-metal based cocatalysts have been prepared including
oxides, hydroxides, sulfides. As in the case of noble metals,
transition metal cocatalysts are believed to enhance charge
separation and reduce the activation energy barrier for H, pro-
duction.® Among the various earth abundant cocatalysts
tested, Cu-based catalysts have been proven particular attrac-
tive,” however the performance is still lower compared with
the noble metal cocatalysts. Recently, Bahruji et al. studied the
H, production rate via methanol photoreforming using Cu, Ni,
and Fe oxides loaded on TiO,.”®" The actual band structure re-
lated with the CB and VB energy level of the cocatalyst with re-
spect to the TiO, has a crucial effect in H, evolution, defining
the charge transfer mechanism and the part for H, production
(Figure 9). These authors reported that the metal reducibility is
the factor that determines photoactivity. They demonstrated
that H, production increases as the enthalpy of reduction of
the metal oxide decreases. Materials with positive enthalpy of
reduction are practically inactive for H, evolution. However,
proper treatment of the photocatalysts may convert inactive
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Figure 9. Energy levels of a) TiO,/metal b) TiO,/NiO, and c) TiO,/CuO interfa-
ces and charge transfer. Reprinted from Ref. [76b] with permission from
Elsevier.

nanomaterials into efficient H, production catalysts.”® Simon
et al. developed CuO/ZnO nanorod arrays and proposed that
the 1D morphology and the p-n heterojunction results in en-
hanced e /h™ pairs separation.”” While the bare ZnO nano-
rods did not show any activity, the CuO/ZnO nanocomposites
had appreciable performance. The H, production rates ob-
tained by ethanol photoreforming depended greatly on the
conditions employed in preparation process controlling the
dispersion and the coverage of the ZnO part.”" Embedded
CuO,/TiO, catalysts have been found more active for H, pro-
duction via ethanol and glycerol photoreforming compared
with materials prepared by classical wet impregnation meth-
0ds.”? The role of the SC as a support for Cu-based catalysts
may also have significant effect in photocatalytic activity. H,
production by methanol photoreforming over Cu/TiO, catalysts
was investigated using titania nanoparticles prepared by differ-
ent routes. It was found that the surface properties of the TiO,
controls the Cu nanoparticles size and dispersion but also the
oxidation of the sacrificial agent.”® Ternary nanocomposite ma-
terials made of Cu, graphene and TiO, have been prepared
and tested for H, production using methanol as sacrificial
agent.” Owing to the synergetic effect between Cu nanoclus-
ters and graphene, the Cu/graphene cocatalyst was proven
highly efficient for H, production presenting comparable pho-
toactivity with systems containing Pt as cocatalyst. Recently,
TiO, catalysts containing low amount of Ni nanoparticles pre-
sented comparable photoactivity with noble metal loaded TiO,
catalysts tested for glucose, cellulose™® and ethanol photore-
forming.” This was addressed to the high dispersion of Ni on
the TiO,. Ni-based catalysts (Ni and NiO) supported on gra-
phene oxide sheets were tested for H, production from aque-
ous methanol solution.®® The superior activity of the catalysts
containing Ni nanoparticles was attributed to the more effi-
cient charge separation. Metallic Ni nanoparticles encapsulated
in carbon shell with high chemical and thermal stability were
coupled with CdS and presented high H, production with an
apparent quantum yield up to =20.5% under 420 nm.** |n
addition, bimetallic Ni/Cu catalysts have been successfully in-
corporated on TiO,, presenting longer electron lifetime, en-
hanced e /h" separation and easier charge transfer resulting
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in increased the monometallic
catalysts.”””

Metal sulfides are also promising materials for H, photopro-
duction and have been frequently applied using different sacri-
ficial agents. From this class of materials of importance is to
mention MoS,, non-toxic and relatively stable against photo-
corrosion phenomena compared with other metal sulfides.”®
Several studies have demonstrated that catalysts functionalized
with MoS, present superior H, production with respect to their
noble metal counterparts. MoS,/CdS catalysts were proven
more active than the corresponding noble metal-CdS catalysts
under identical conditions using lactic acid as sacrificial
agent.” The enhanced activity was attributed to the success-
ful formation of a junction through the intimate contact be-
tween CdS and MoS,, improving the charge separation. Similar
results have been reported using different sacrificial agents in-
cluding ethanol and glycerol."® CdS modified with metal-or-
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Figure 10. The rate of H, production over pure CdS, UiO-66 and U6-CdS
composites loaded with 1 wt% MoS, or Pt. Reprinted from Ref. [101] with
permission from Elsevier.

ganic framework (MOF) and MoS, presented also higher H,
production rates than the corresponding Pt-loaded catalysts
(Figure 10)."°" Thin MoS, slabs have been successfully grown
on carbon nitride forming a hybrid layered heterojunction.!*
These materials were proven stable under irradiation and pre-
sented enhanced H, production rates compared with the cor-
responding Pt-catalysts, attributed to the geometric similarities
of the coupled materials. 2D nanojuctions made of TiO, nano-
sheets with exposed (001) facets and layered MoS, were also
proven more active than the corresponding noble metal
loaded catalysts for H, production from aqueous methanol so-
lution." The difference was attributed to the larger contact
area between the 2D-2D structure of MoS, and TiO, sheets
compared with the 0D-2D interaction of the Pt/TiO, composite
leading to more efficient interfacial charge transfer (Figure 11).
H, production from aqueous ethanol solution has been also re-
ported using noble metal free ternary materials comprised of
TiO,, graphene and MoS, as cocatalyst."* Catalytic activity was
linked with a synergetic effect between MoS, nanosheets and
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tocatalysts, demonstrating that the 2D-2D MoS,/TiO, photocatalyst exhibits
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graphene, suppressing charge recombination, improving inter-
facial charge transfer and increasing the number of active ad-
sorption sites and photocatalytic reaction centers. Photogener-
ated e from the CB of TiO, are injected into the graphene
sheets while MoS, sheets act as e~ acceptors and active site
for H, evolution.

Recently, metal phosphides (Ni,P, Co,P) have been employed
as cocatalysts for H, production using CdS as a photosensitizer
presenting significant activity under visible light irradiation."®!
Iron phosphide coupled with TiO, has been also shown
efficient for photocatalytic H, production.%

It is clear therefore from the above examples that both the
sacrificial agent and the cocatalyst used affect significantly the
photocatalytic H, production. Concerning the sacrificial agent
the results presented in the literature are relatively coherent.
The sacrificial agent should: 1) contain OH-groups; 2) have
simple structure; 3) have high affinity with the surface of the
catalyst (polarity or the presence of groups acting as anchors);
4) have high electron donation ability. The presence of a-H
atoms as well as the byproduct formation may also affect ac-
tivity. In the case of the cocatalyst used, the field is not clear
since different parameters may affect activity. However, charge
separation seems to be the critical parameter that must be
controlled. In general, the contact of the cocatalyst with the
SC and the particle size must be tuned. Metal cocatalysts
should possess large work function that will result in strong
Schottky barrier effect, allowing efficient charge separation.
However, future research should focus on the development of
non-noble metal cocatalysts and the formation of heterojunc-
tions. In this later case, the parameter that controls charge sep-
aration via interface is the difference in the CB energy levels of
the two parts.

5. Photocatalysts for H, production

Suitable materials for photocatalytic H, production should pri-
marily meet the fundamental electronic characteristics related
with the band-edge energy positions (Figure 2). Many SCs
have been prepared and tested. Among them, TiO,-based pho-
tocatalysts occupy the vast majority of the reported photoac-
tive materials.53%'" However, despite the large number of
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studies using TiO,, recent reports have shown that control of
the structure at the nanoscale can still lead to significant im-
provement of photoactivity and demonstrated the potential
for further investment in Ti-based materials.*® Recently, Carg-
nello et al. using colloidal methods controlled the size of broo-
kite nanorods manipulating the electronic properties related
with charge transfer and separation, improving photoactivi-
ty.®¥ Nevertheless, as in the case of most metal oxides, TiO, is
a wide band-gap SC, a factor that diminishes the reaction effi-
ciency under sun light. In this direction, recent studies have
demonstrated the potential of black TiO, obtained by hydroge-
nation treatments in H, photoproduction. Since the proof-of-
concept by Chen etal."™ different reaction conditions have
been applied to prepare reduced TiO, with improved solar
light absorption, charge transfer capability and photocatalytic
activity.'® Structural modifications induced during hydrogena-
tion treatments include self-doped Ti** and oxygen vacancies,
or incorporation of H-doping. The nature and location of de-
fects as well as surface disorder are related with the charge
separation efficiency and broad light absorption proper-
ties."®"% Attempts are performed to explore more effective
processes for the synthesis of reduced TiO,, avoiding harsh
reaction conditions.""

A number of strategies have been applied towards enhanc-
ing visible light absorption and improving charge separation.
Traditionally, wide spectral response has been achieved by in-
troducing impurities or incorporating sensitizers. Narrowing
the band-gap energy has been accomplished via band gap en-
gineering using dopants,""®" whereas organic dyes,"™ transi-
tion metal complexes,"™ or even narrow band-gap SCs®*'®
have been used as visible light sensitizers. Besides metal
oxides, several metal chalcogenides possess suitable E; and
band-edge position for H, production under visible light irradi-
ation.*® "7 |n terms of activity, CdS is an exceptional photoca-
talyst for H, evolution however is susceptible in photocorro-
sion phenomena with detrimental environmental impact, al-
though improvements have been made in this aspect over the
last years.©¢2"l plasmonic metal nanostructures have been
also used to extent light absorption, imitating dye sensitization
process. Three possible enhancement mechanisms have been
proposed in plasmon photocatalysts: 1) enhanced light har-
vesting; 2) hot-electron injection, and 3) plasmon-induced res-
onance energy transfer."® The properties of plasmon photoca-
talysts are greatly affected by the nature but also the size of
the particle. Plasmonic photocatalysts generally present effi-
cient absorption in the visible region of light through localized
surface plasmon resonance (LSPR) and low charge carrier re-
combination rate, owing to the nature of charge formation al-
lowing fast migration of the carriers to the SC surface. The SPR
induced charge formation close to the plasmonic nanoparticles
permits e /h* pair formation near the surface of the material
rather than in the balk. This allows efficient charge separation
due to the surface potential, reducing in parallel their migra-
tion distance required to participate in redox reactions. Plas-
monic metal nanostructures supported on insulating solids
have been also found to catalyze photooxidation reactions of
organic substrates.'”!



Pt nanoparticles have been also used as visible light absorb-
ers. Different size Pt nanoparticles coupled with TiO,"*” and
other SC'™" allowed visible light driven oxidation reactions
through direct charge transfer from Pt nanoparticles to TiO,
CB. In these cases, visible light absorption was ascribed to SPR
and intraband and interband transitions of Pt particles. The im-
provement of H, photoproduction under visible light irradia-
tion using ternary Cu@CuO/g-C;N,/MCM-41 was also partially
ascribed to SPR effect of Cu nanoparticles."”? However, visible
light activity of small Pd and Pt nanoparticles (1-6 nm) was as-
cribed to non-plasmonic effects.” Recently Zhang et al. es-
tablished a new light absorption model to modulate the ab-
sorption peak of supported small Pt nanoparticles."** By se-
lecting the proper support and fine tuning the synthesis
method the authors observed localized absorption peaks origi-
nating from small Pt nanoparticles (< 10 nm) extending up to
the visible region. This localized absorption can be tuned by
adjusting the dielectric environment of the nanoparticles. Visi-
ble light activity was achieved using Pt/SiO, coated with a thin
TiO, layer (Pt/SiO,@TiO,) while H, production increased with in-
creasing Pt loading.

The presence of dopants, cocatalysts and the development
of heterojunctions or homojunctions (inter-phase junctions)
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Figure 12. Energy band diagram of n-n type heterojunction in conduct
(upper panel) and in equilibrium (lower panel) presenting the charge separa-
tion and the band bending at the heterojunction interface.

have been also shown to improve charge separation efficiency.
In this later case, either one or both SCs are photoexcited and
charge separation is driven by the difference in the band edge
energy levels of the coupled SCs. Figure 12 presents the cou-
pling of two n-type SCs (A and B) possessing different band
and Fermi energy levels and the band bending at the hetero-
junction interface formed, owing to e~ flow from SC A (e.g. the
one with higher Fermi energy level) to SC B. Depletion and ac-
cumulation regions are formed in SCA and B respectively,
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while at equilibrium the Fermi energy levels of both SCs are
equal.® This mechanism allows efficient charge separation, in-
creasing the lifetime of the photogenerated charges and there-
fore activity.

In an analogous way, charge separation may also be ach-
ieved through the formation of a homojunction, even if the
driving force of charge separation is smaller compared with
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Figure 13. Charge separation in anatase-brookite TiO, homojunctions. Re-
printed with permission from Ref. [112]. Copyright (2013) American Chemical
Society.

the case of heterojunctions. Many such cases in the literature
confirmed that inter-phase junctions, as for example in TiO,-
based catalysts,?°*"">'> result in improved H, evolution
through enhanced charge separation (Figure 13). Besides the
more frequently observed charge separation due to differences
in the band edge energy levels in heterojunctions, other
charge transfer mechanisms have been also proposed. For ex-
ample, in Type | core/shell CdS/ZnS nanocrystals, charge sepa-
ration has been suggested to occur as a result of electron tun-
neling effect."* The potential differences of the Fermi energy
level between reduction and oxidation cocatalysts and the
band edges of the core CdS nanocrystal were suggested to
play crucial role. In addition, Xie et al. suggested that charge
separation takes place, owing to the presence of acceptor
states within the band-gap in a similar core/shell CdS/ZnS
system. !

Of importance is to mention the advantages of the develop-
ment of supported metal oxide nanostructures forming oxide
layers. Different nanostructures including less explored metal
oxides have been grown on suitable supports. Pure and cou-
pled metal oxides such as different polymorphs of Fe,0; (a-,
&, B-Fe,0,),1%1 v0, Cu,0 and CuO,™ Co0,0,™” and
Cu0/ZnO® have been developed and tested for hydrogen
evolution. Control of the composition and morphology at
a nanometer scale controlled activity and allowed the develop-
ment of active systems even in the absence of noble metal as
cocatalyst. For example, H, production was greatly affected by
regulating the CuO loading on the tips of vertically aligned
ZnO nanorods (Figure 14).

Recently, the development of novel synthesis strategies al-
lowed the development of more sophisticated nanostructured
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Figure 14. Plane-view/cross-sectional FE-SEM images (a—c) and EDXS line-
scans (d-f) of CuO/ZnO specimens obtained at RF-power (radio frequency)
values of 5 (a and d), 10 (b and e) and 15 W (c and f). EDXS line-scans were
performed along the red line marked in the corresponding cross-sectional
micrographs. The abscissa values increase from the deposit-substrate inter-
face to the sample surface. In the FE-SEM cross-sectional views, the presence
of CuO and ZnO are highlighted by green and blue colors, respectively, in
accordance with EDXS line-scan analyses. Reproduced from Ref. [91].

materials and open-up new alternatives for the fabrication of
advanced and more efficient catalysts, increasing the availabili-
ty of nanomaterials for photocatalytic applications. Controlled
synthesis processes allowed the development of nanostruc-
tured materials presenting unique properties compared to the
corresponding bulk materials, catalysts of different morpholo-
gy in the nanostructure (nanorods, nanowires, nanosheets)
and the development of multiphase materials, nanocomposites
and heterojunctions via the coupling of different SCs. In this
regard, in addition to the well-studied metal oxides, special at-
tention must be given on the recently developed pure organic
and hybrid organic/inorganic catalysts making use of carbon-
rich nanostructures. Recent developments in these types of
nanomaterials include graphitic carbon nitride (CN, g-CN,)
based nanomaterials and the coupling of carbon nanostruc-
tures (CNSs) with inorganic nanomaterials for the development
of nanohybrids. In many cases, the coupling of organic and in-
organic materials revealed the concept of synergy between
the two phases and the morphology at the nanoscale in
improving photocatalytic performance.

5.1. Carbon nitride based nanomaterials

Over the last years, CN has emerged into a promising candi-
date for H, production driven by its 2D morphology, chemical
stability under working conditions and visible light response.
The polymeric nature of CN permits modification of its textural
properties, morphology and electronic structure related with
E, band-edges energy level, conductivity etc. The properties
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and synthetic strategies adopted for the developed of g-C;N,
based materials have been recently extensively reviewed."*? In
general, two approached have been used for the development
of photoactive CN materials. The first is the bottom-up ap-
proach where nitrogen containing organic precursors are as-
sembled usually through thermal polycondensation. The
second, the top-down strategy, involves the post treatment of
preformed g-C;N,. In the case of H, photocatalytic production,
physical and chemical approaches have been adopted for im-
proving the efficiency of CN based photocatalysts. It should be
noted that even small changes in the synthesis process may
result in significant change in photoactivity. For example, the
use of different precursor or temperature affects the extent of
polymerization and protonation, with a concomitant significant
alteration of activity."*® Porous polymeric CN nanosheets have
been recently developed through the insitu lithium chloride
ions intercalation in dicyandiamide polycondensation process
using a stepwise thermal treatment (Figure 15)."*" Compared
with the bulk-CN, the CN-nanosheets presented higher surface

Figure 15. SEM image of a) bulk-CN, b) bulk-CN/Li*
and d) the nanosheets corresponding height image, e) schematic of uniform
CN nanosheets synthesis through water assisted exfoliation complex of 2D

CNs and metal salt. Reprinted from Ref. [131] with permission from Elsevier.

Cl~, ¢) nanosheet-CN

area, superior e~ mobility increasing their lifetime, higher E
enhancing redox ability and reduced charge carriers recombi-
nation rates. The synergy of these properties resulted in a six-
fold increase of H, production under visible light irradiation.
Using a top-down synthesis approach, CN nanosheets have
been developed from the thermal oxidation etching of bulk
CN under air"* The thickness of CN nanosheets can be fine-
tuned through the controlled thermal treatment (Figure 16).
Compared with the bulk CN, CN nanosheets showed larger
surface area, increased E,, improved electron transport ability
along the in-plane direction and prolonged lifetime of charge
carriers, presenting increased hydrogen production. The actual
temperature of the thermal treatment may have critical effect
on both the optical properties and the morphology. Chen et al.
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Figure 16. Schematic of the formation process of the g-C;N, nanosheets by
thermal oxidation etching of bulk g-C;N, at 500 °C in air. Reproduced with
permission from Ref. [134] Copyright 2012, Wiley-VCH.

using a two-step thermal condensation of melamine reported
that processing temperatures higher than 650°C induce a blue
shift of the absorption edge, owing to the quantum size con-
finement effect and an absorption peak near 500 nm associat-
ed with n-z* transitions."* At the same time, thermal treat-
ment at high temperatures also allowed the fabrication of
atomically thin structure-distorted CN nanosheets. Structural
distortion has been also achieved through the control of the
atmosphere during the thermal process. Ho et al. reported that
under H, atmosphere structural distortion can be achieved
through the formation of amino groups within the g-GN,
structure and the subsequent generation of strong hydrogen
bonding interaction between layers."*® The distorted structure
resulted in n—mt* transitions allowing increased visible-light ab-
sorption. In a recent study, Kang et al. presented the signifi-
cance of amorphous phase CN (ACN) in photoactivity."*” In
general, amorphous phase materials are not preferred in pho-
tocatalysis due to the lack of long-range atomic ordering and
the presence of many defects, properties that affect the diffu-
sion of charge carriers. However, the development of ACN
through a post-heating treatment of partially crystalline CN at
620 °C under Ar atmosphere, resulted in a significant narrow-
ing of the band gap (1.9 eV), shifting the absorption edges
from 460 to 682 nm. Under these conditions, the unaltered
strong C—N bonds in the tri-s-triazine units retained the short-
range atomic order, whereas the rupture of the relatively weak
intra-layer and in-plane H-bonding and van der Waals forces
disturbed the planar cohesion and weaken the inter-planar in-
teraction, affecting the long-range atomic order. The ACN pre-
sented superior photocatalytic H, production compared with
the CN under pure visible light irradiation, ~12.5 times. It
should be noted that usually thermal treatments at high tem-
peratures result in improved crystallinity as demonstrated for
solid materials with strong bonds, for example, metal
oxides."*¥ However, electrostatic interactions such as hydrogen
bonding and van der Waals forces play a key role for maintain-
ing the long-range atomic order and therefore the 2D or 3D
structure of CN. Disrupting these weak interactions can alter in
a reverse way the crystallinity of CN materials. This study is in
agreement with recent evidence of the enhanced photoactivity
of low molecular weight CN comprised of isolated oligomers
of melem.[3?

On the other hand, low-defected and highly condensed CN
photocatalysts, prepared through controlled thermal treatment
in the presence of NHj, increased photocatalytic H, produc-
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tion."? Using a simple thermal treatment under controlled at-

mosphere, Liang etal. modified the morphology and the
chemical structure of bulk CN, resulting in the formation of CN
nanosheets with abundant in-plane holes and carbon vacan-
cies.™ The authors observed an increase of the E, energy,
broader light absorption in the visible and near-infrared
region, modification of the band edge potentials and im-
proved charge separation efficiency. The resulted self-modified
with carbon vacancies CN nanosheets presented more exposed
active edges and a nearly 20 times higher H, production rates
compared with the corresponding bulk CN.

Isotype CN heterojunctions have been developed through
the coupling of CN nanostructures in a two-step synthesis pro-
cess."™ The energy difference of the band edges levels result-
ed in the formation of a Type Il heterojunction, favoring the
migration and separation of the photogenerated charges and
therefore improving photoactivity. Openly-structured CN mi-
crospheres were developed by a simple controlled crystalliza-
tion strategy using CN nanosheets as precursor, presenting su-
perior photoactivity compared with bulk and CN nano-
sheets." CN nanorods although presenting small specific sur-
face have been proven more active than bulk and mesoporous
CN presumably due to the higher charge separation efficiency
in the two-dimensional layered structure."* Strategies target-
ing on controlling the morphology, increasing the surface area
and tuning the band structure by controlling the nanostruc-
ture or using templating techniques have been also shown
beneficial for photocatalytic H, generation."*'* Properties
such as, structure, morphology, porosity, surface area, and light
harvesting can be easily tuned by hard- and soft-templating
methods, using for example silica nanoparticles or ionic liquids
and surfactants. In addition, supramolecular preassembled
structures using a variety of molecular structures as the start-
ing monomers has been also shown an effective strategy to
control key parameters of the photocatalyst.™ All these ex-
amples demonstrate the unconstrained with respect to inor-
ganic SCs modification of CN, a factor that originates from the
polymeric nature of CN.

CN has been also effectively coupled with a variety of inor-
ganic nanomaterials including metal nanoparticles, oxides, hy-
droxides, and sulfides."*” Studies focused mostly on improving
light absorption properties and charge carriers separation. Pho-
tocatalytic H, production was drastically increased by the cou-
pling of CN with traditional inorganic SCs such as CdS"? and
TiO,." The enhanced activity was attributed primarily to effi-
cient separation of photogenerated e /h™ pairs, owing to the
difference in the CB and VB edge potential of the two parts, as
well as to morphological properties. The improved H, produc-
tion rates from ternary composites made of g-C;N,, TiO,, and
MnO,, using Pt as cocatalyst and isopropanol as sacrificial
agent has been attributed to a synergistic effect linked with
charge separation."*” The differences of the actual band struc-
ture in TiO, and g-C;N, drove e and h™ into opposite direc-
tions while the presence of MnO, further increased h™ migra-
tion and transfer. Noble-metal free CN-based nanomaterials
have been also proven active. In this regard, hybrid CN/
Co(OH), nanocomposites co-sensitized with dyes have been



developed,™¥ whereas Li etal. deposited nanoflower-struc-

tured MoS, on pyridine-modified CN."" Impressive apparent
quantum efficiencies were reported at 520 and 550 nm, 29.6
and 27.3% respectively.47

The junction of CN with carbon nanostructures has been
also investigated.'*®""? Chen etal. coupled CN with multi-
walled carbon nanotubes (CNT)."*?*! The superior photocatalyt-
ic activity of the prepared g-C;N,/CNT materials under visible
light was ascribed to the reduction of the population distribu-
tion of short-lived and increasing the percentage of long-lived
charges. Nanocomposites of mesoporous CN coupled with
carbon nanotubes (CNT) were also hybridized with NiS.'*>¥
The enhanced H, production under visible light was ascribed
to the formation of a Schottky-type junction between CN and
CNT, promoting the migration of photoinduced e~ to the con-
ductive CNT and finally on the NiS cocatalyst. Similarly, a 3.7-

f/isible light
irradiation

MWCNTs

CH,OH

Figure 17. Schematic of photogenerated charge carrier’s separation and
transfer in the MWNTs/g-C;N, system under visible light irradiation. Reprint-
ed from Ref. [148] with permission from Elsevier.

fold increase in H, photoproduction from aqueous methanol
solution was observed using CNT(2 wt%)/CN composites com-
pared with the pure CN ascribed to the efficient transfer of e~
to CNT (Figure 17)."*¥ Besides the efficient charge separation,
Suryawanshi et al. suggested also that morphological changes
in CN induced by the presence of CNT may also affect the pho-
tocatalytic activity. In their composites, the optimum CNT con-
tent was 0.5 wt% for H, production using methanol as sacrifi-
cial agent."*® The formation of a stable CN colloidal suspen-
sion through protonation and depolymerization reactions of
bulk CN under strong oxidizing conditions was used as the CN
precursor for the development of CN@CNT composites and the
subsequent fabrication of thin-film electrodes."** A polymer-
based heterostructure was observed through the wrapping of
the CNT with CN in which CNT functioned as an efficient path-
way for e~ transport allowing fast charge separation. The cou-
pling CN with carbon nanodots (CDs) resulted in an efficient
photocatalysts able to catalyze the overall WS reaction pre-
senting a remarkable stability for more than 200 cycles."™
Without using any sacrificial agent, a H,/O, molar ratio identi-
cal to the theoretical value of 2 for pure WS was observed
under pure visible light irradiation. In these materials, CDs
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were proven to have an active participation in catalysis. The re-
action proceeded via H,O oxidation to H,0, followed H,0O, dis-
proportionation to O, the second step being catalyzed by
CDs.

5.2. Other CNSs containing materials

In addition to carbon nitride, nanomaterials containing other
CNSs have been also used in H, photoproduction. Here, CNSs
have been used as support of photoactive materials for the de-
velopment of nanocomposites applied in photocatalytic reac-
tions. CNSs have been reported to exhibit cooperative or syn-
ergetic effects. Many studies made use of the unique proper-
ties of CNSs such as the high electron conductivity, large elec-
tron storage capacity, large surface area, light absorption abili-
ty and morphology in order to improve key parameters that
control activity. CNTs and graphene (Gr) are the most common-
ly used carbon nanostructures.™ In this type of materials the
most important issues that must be solved are related with the
homogeneous coverage of the support and the formation of
tight interface between the two parts. Different strategies have
been adopted for the development of hybrid nanocomposites
including in situ strategies, solution and solid-state approaches,
using either bare or even functionalized CNTs."***'** Regarding
the effect of CNSs in the photocatalytic mechanism, a similar
analogy to the CN-based composites is obtained. Photoexcited
e~ flow from the SC into the CNTs in order to align the differ-
ent Fermi levels. Efficient charge separation is ensured due to
the high conductivity and large electron storage capacity.
Again, intimate coupling of the difference phases must be ob-
tained to allow charge migration and transportation. CNSs may
also act as photosensitizers extending the absorption region of
light to higher wavelengths. In some cases this was explained
through the introduction of intermediate states.™ In addition,
the high surface area of most CNSs facilitates the dispersion of
nanoparticles (crucial in suspension systems) and may control
particle size offering high nucleation sites.>”

Graphene nanosheets were decorated with CdS clusters and
applied for H, production using Pt as cocatalyst and lactic acid
as sacrificial agent.™® A 5times increase in activity was ob-
served with an apparent quantum efficiency of 22.5% at wave-
length of 420 nm. The enhanced catalytic activity was attribut-
ed primarily to the presence of Gr. Under light irradiation, the
excited e~ on the CdS CB are transferred to 1) Pt deposited on
the surface of CdS clusters, 2) carbon atoms on the Gr sheets
or 3) Pt located on the Gr nanosheets (Figure 18). The authors
suggested that Gr served as an electron collector and trans-
porter, separating efficiently the photogenerated charges.
Noble-metal free nanocatalysts prepared through the coupling
of CdS with Gr have been shown to present comparable H,
generation efficiency with systems containing Pt as cocata-
lyst."*” Gr was suggested having a similar role as Pt nanoparti-
cles, accepting and transferring electrons, functioning as an ef-
fective H, evolution promoter for CdS.

An interesting study by Li et al. presented the development
of ternary systems, through the controlled photodeposition of
MoS, nanosheets on composites made of reduced graphene



Figure 18. Schematic illustration of the charge separation and transfer in the
graphene/CdS system under visible light. Reprinted with permission from
Ref. [158]. Copyright (2011) American Chemical Society.
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Figure 19. Schematic illustration of incompatibility between the photoexcit-
ed e” transfer from CdS to rGO and the hydrogen evolution reaction at
MoS, for MoS, sheets developed on a) CdS, b) rGO. Reprinted with permis-
sion from Ref. [159]. Copyright (2014) American Chemical Society.

oxide and CdS (rGO/CdS)."*® The authors, simply by changing
the pH of the synthesis solution were able to tune the deposi-
tion of MoS, on either the surface of the CdS particles or the
exposed rGO (Figure 19). Materials where MoS, were devel-
oped on rGO presented superior H, production under visible
light irradiation. rGO acted as acceptor of the photoexcited e~
formed in CdS and effectively transferred them on MoS,. On
the contrary, when MoS, were loaded on CdS, photoexcited e~
injected into rGO could not be transferred on the MoS, active
site, resulting in lower activity (Figure 19a). Yang et al. demon-
strated the effect of preparation method on the morphology
and activity of similar ternary systems (Gr/CdS/MoS,).®'? Mate-
rials prepared through the photodeposition of MoS, on Gr/CdS
were proven significantly more active than the materials pre-
pared through hydrothermal treatment. An important im-
provement on the photostability was also observed. Compared
with the typical layered layer MoS, structure, the photodeposi-
tion method induced morphological and structural transforma-
tion resulting in small MoS, particles homogeneously dispersed
on Gr/CdS. The small MoS, particles provided more catalytic
active sites and shorter charge-transfer distance than the lay-
ered structure, improving H, production and h™ consumption
by the sacrificial agent used.
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Nanocomposites of TiO, and rGO have been developed and
applied in H, production from aqueous solution of different al-
cohols."® The ratio and the contact of the two parts were op-
timized using several synthesis techniques. Materials prepared
by the hydrothermal method exhibited the best performance.
Strong interaction between TiO, nanoparticles and rGO is man-
datory for enhanced photocatalytic activity, suppressing re-
combination rates and providing charge separation. This was
the main factor for the increased H, production from ZnlIn,S,/
rGO nanocomposites."® In addition, the introduction of sur-
face plasmon resonance (SPR) phenomena in metal oxide/ gra-
phene nanocomposites has been investigated. Ag-TiO,-gra-
phene ternary nanocomposites presented increased H, photo-
production from a water/ethanol (10 vol.%) solution."* rGO
induced improvements in light absorption intensity, extending
light absorption range and enhancing charge carriers transpor-
tation while the presence of Ag nanoparticles added SPR ef-
fects. In addition to the traditional particles-on-sheet geometry
where metal oxide nanoparticles are deposited on graphene
sheets, core/shell rGO/TiO, composite were also prepared.'®
Under UV light irradiation, and using methanol as sacrificial
agent, the core/shell structures presented higher photoactivity
due to the increased contact between the two parts. Besides
acting simply as charge separator, graphene has been also
shown to modify the electronic band structure of metal oxides.

Figure 20. Schematic representation of the Bi,WO; (left side) and the Gr-
Bi,WO, band edges energy level and the mechanism of the photocatalytic
WS process. Reproduced from Ref. [161] with permission from The Royal
Society of Chemistry.

Sun et al. demonstrated using Mott-Schottky plots that the
coupling of Bi,WOg with rGO can significant up-shift the CB of
the metal oxide at more negative values (Figure 20). This al-
lowed H, production from aqueous methanol solution under
visible light irradiation."®"

Less explored metal oxides have been also coupled with
CNSs. ZnO nanorods have been effectively developed on
rGO."®9 Factors related with charge separation, the actual 1D
morphology that favored the directional transfer of e~ and the
strong ZnO-rGO interaction expressed as C-O-Zn linkage, af-
fected significantly the photocatalytic H, production from
aqueous glycerol solution. Through the development of differ-
ent ZnO nanoparticles Kang et al. reported the crucial effect of



morphology on the photoactivity of ZnO/rGO nanocompo-
sites.’® 1D nanoparticles presented higher transfer rates of
photoexcited e~ from ZnO to rGO resulting in enhanced activi-
ty. More sophisticated ZnO@ZnS-Bi,S; core—shell nanorods
anchored on rGO further enhanced H, photoproduction from
aqueous glycerol solution, owing to improvements in light
absorption and charge handling properties."”"

Dye-sensitized CNT!'7*'""? and rGO"”® have been also report-
ed as efficient catalysts for H, production under visible light ir-
radiation. Simply by mixing bare or oxidized CNT with Eosin Y
dye and using Pt as cocatalyst the enhanced catalytic activity
with an apparent quantum yield of 12.14% was attributed to
the trapping of photogenerated electrons by CNT."”? CNT in-
creased significantly the fraction of photogenerated e con-
verted into H, suggesting a CNT-catalytic H, production while
the presence of Pt enhanced the dye stability under working
conditions (Figure 21).'"%

Table 1 summarizes the photocatalytic H, production over
different CN-based and CNSs containing catalysts (hybrids, het-
erojunctions) under various catalytic conditions including the
cocatalyst, sacrificial agent, light source, amount of the catalyst
used and H, generation rate. Although these H, evolution
rates cannot be compared,”® from the data in Table 1 can be

Figure 21. Schematic illustration of CNT sensitized with Eosin Y. Reprinted
from Ref. [170] with permission from Elsevier.

concluded that activity is greatly affected by many factors.
Properties such as the light source, cocatalyst, sacrificial agent
can be easily controlled. However, the synthesis process that
eventually controls the properties of the material seems to be
the key parameter controlling activity.

Table 1. Photocatalytic H, production rate over different CN, CN hybrid, and CNSs hybrid photocatalysts.
Photocatalyst Cocatalyst Sacrificial Catalyst Light H, rate Ref.
[wt %] reagents amount [mg] [umolh™1
Pure CN
CN NS Pt (6) TEOA 50 UV/vis 170.5 [134]
CN NS Pt (6) TEOA 50 visible ~30 [134]
CN NS Pt (3) TEOA 50 visible 177 [135]
ACN Pt (6) TEOA 50 visible ~79 [137]
LMW CN Pt (8) methanol 20 visible ~54 [139]
CN Pt (3) TEOA 50 visible 303 [140]
CN NS Pt (3) TEOA 10 visible 82.9 [141]
CN microspheres Pt (3) TEOA visible 392 [143]
CN NS Pt (3) TEOA 20 visible 230 [166]
CN Hybrids
Cds Pt (1) ethanol 100 visible 17.27 [147a]
TiO, - methanol 100 UV/vis 52.71 [149]
TiO2 Pt (1) TEOA 100 visible 178 [167]
TiO,-MnO, Pt (1) isopropanol UV/Vis 7.5 [150]
MoS, - TEOA 50 visible 25 [151]
CN/CNSs
CNTs Pt (1) methanol 100 visible 7.58 [148]
CNTs Pt (1.2) TEOA 100 visible ~394 [152b]
CNTs NiS (1) TEOA 50 visible ~26.5 [152d]
Gr QD Pt (3) TEOA 20 visible ~43.6 [152a]
CDs - - 80 visible 8.4 [153]
CNSs Hybrids
Gr/CdS Pt (0.5) lactic acid 20 visible 1120 [158]
Gr/CdS - Na,S/Na,S0, 30 >380 nm = [160]
GO/CdS Pt methanol 50 UV/vis ~110 [168]
rGO/CdS/MoS, - lactic acid 50 visible 99 [159]
Gr/CdS/MoS, - lactic acid 40 visible 513 [61c]
rGO/TiO, (P25) - methanol 100 UV/Vis ~110 [162]
rGO/ZnIn254 - lactic acid 50 Visible ~41 [163]
rGO/TiO, Pt (0.05) methanol uv 50 [165]
rGO/Bi,WO, - lactic acid 30 visible 159.20 [161]
rGO/Zn0O - ethanol/TEOA 25 UV/Vis ~14.5 [169]
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6. Conclusions

In the last few decades the photocatalytic approach has
turned out to be one of the most challenging candidates for
sustainable future energy production. The great interest
shown by the scientific community has been expressed in the
application of numerous photoactive materials and various cat-
alytic conditions. These two parameters hold the key for effi-
cient H, production. The use of renewable organic sacrificial
agents has been proven to have more practical industrial ap-
plication compared to the pure water spitting process, at least
at medium term.

The challenge is to develop stable and efficient catalysts
that can harvest solar light. An important issue that must be
addressed is the development of cocatalysts, preferentially
without using precious materials for smooth scale-up synthesis
and practical applications. Recent advantages in materials syn-
thesis allowed the development of novel nanostructures with
exotic structures, multi-phase composition and precise control
of morphology at the nanoscale. In addition to visible-light ab-
sorption, materials should be able to address several other
issues, the most important of which seems the charge recom-
bination process. Among the different strategies applied, the
coupling of novel or even known materials for the develop-
ment of multi-phase nanostructures through the synthesis of
heterostructures, heterojunctions/ homojunctions, has been
proven in many cases beneficial for H, photoproduction and it
appears that has great promise in this field. In this aspect, in-
stead of optimizing the properties of a single component, the
properties of different materials (or even different phases) can
be coupled towards optimizing photoactivity. Care must be
given in the choice of the proper materials. Deep understand-
ing of the individual components is required but in some
cases it is still challenging. Rational design of integrated engi-
neering processes that include interface engineering, control
of the composition, structure and morphology at the nano-
scale must be developed. In the case of junctions, the individu-
al materials must possess correctly positioned and alighted
band edges for a feasible and spontaneous intra- and inter-
charge transfer. In the case of heterostructures, semiconduc-
tors can be coupled with highly conductive materials such as
carbon nanostructures. Both cases will provide the requested
driving force for charge separation, probably the parameter of
the greatest importance in photocatalysis. In addition, plas-
monic nanoparticles, such as Ag and Au nanoparticles, hold
also great potential. LSPR provides improved absorption of
visible light but also enhancing in parallel charge separation.
These characteristics improve the inherent limitations of
traditional SC photocatalysts.

The limitations of SCs and the latest results presented in this
Review dictate the direction of future efforts. Future research
should be primarily directed on the development of effective
paths for e transportation to H, evolution sites, separated
from h* collection regions, without compromising other prop-
erties. It is clear, therefore, that novel synthetic strategies are
required to fine-tune all critical properties for enhanced H,
evolution. In this Review we went through the most used pho-
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tocatalysts and we focused on the latest advances on CN- and
CNSs-based materials for the development of hybrid and full-
organic nanostructures applied in H, photoproduction. It ap-
pears that not only the nature but also the synthesis approach
affects greatly the morphology and phase composition at the
nanoscale, allowing control of specific key properties. Based on
the increasing number of contributions in the literature and
the impressive improvement in H, production achieved within
few years especially under visible light irradiation, it seems
there is a lot of room for improvement in this specific category
of nanomaterials towards enhanced activity.
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