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Abstract: This work demonstrates the ability of nanoporous carbons to boost the photoelectrochemical
activity of hexagonal and monoclinic WO3 towards water oxidation under irradiation. The impact
of the carbonaceous phase was strongly dependent on the crystalline structure and morphology
of the semiconductor, substantially increasing the activity of WO3 rods with hexagonal phase.
The incorporation of increasing amounts of a nanoporous carbon of low functionalization to the WO3

electrodes improved the quantum yield of the reaction and also affected the dynamics of the charge
transport, creating a percolation path for the majority carriers. The nanoporous carbon promotes the
delocalization of the charge carriers through the graphitic layers. We discuss the incorporation of
nanoporous carbons as an interesting strategy for improving the photoelectrochemical performance
of nanostructured semiconductor photoelectrodes featuring hindered carrier transport.
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1. Introduction

The photoelectrochemical splitting of water to produce oxygen and hydrogen gases is a key
process in the development of approaches (e.g., in metal−air batteries and electrochemical
water-splitting systems) for the sustainable conversion and storage of renewable energy (e.g., using
water and sunlight) [1–3]. The electro and/or photoassisted methods for water splitting are hampered
by the low efficiency of the reaction. This is mainly due to the slow kinetics of oxygen evolution and
the large overpotentials needed, as well as the stability and performance of most metal oxides usually
applied as catalysts (e.g., IrO2 towards the oxygen evolving reaction (OER) and RuO2 towards the
OER and the hydrogen evolving reaction (HER)) [4–6]. Furthermore, often OER and HER catalysts
are not stable under the same pH range. The best performing OER catalysts are in neutral or basic
media, whereas the highest efficiencies for HER catalysts are recorded in acidic media. This hinders
their integration into photoelectrochemical cells, although recent developments in bipolar membranes
have opened new opportunities on this front [7].

Recent research efforts have explored the use of photocatalysts to accelerate the kinetics of both OER
and HER [8]. Among different semiconductors, WO3 is an attractive material for photoelectrochemical water
oxidation due to its energetically favorable valence band position (ca. 3.1 V vs. normal hydrogen electrode,
NHE), photoactivity under solar light (band gap between 2.4–2.8 eV) and its photostability in acidic
medium [9–11]. The conduction band edge is located at around 0.5 V vs. NHE, which is thermodynamically
too positive for the non-biased water-splitting reaction; this favors the recombination of the charge carriers,
decreasing the conversion efficiency [11–13]. Tungsten trioxide can adopt various crystalline forms
(e.g., monoclinic, cubic and hexagonal), with the photochemical and electrochemical properties of this
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material governed by its crystalline structure and morphology [14,15]. Among the different crystalline
structures of WO3, the monoclinic and hexagonal phases have been used in photochromic devices [16] and
photocatalytic applications [17–19], with the former showing higher stability [20].

The use of carbon nanomaterials has generated interest in the field of photoelectrochemistry as
a simple approach to improve the performance of nanostructured photoanodes via: (i) facilitating
the transport of majority carriers (electrons); (ii) favoring O2 adsorption; and (iii) the porosity of the
carbon phase [20–24]. Furthermore, metal-free catalysts based on carbon nanomaterials (graphene,
carbon nanotubes and nanoporous carbons) have also revealed themselves to be interesting materials
with electrocatalytic and photocatalytic activity for the OER [25,26].

In this work, we investigated the effect of nanoporous carbon as an additive to WO3 particles featuring
monoclinic (m-WO3) and hexagonal (h-WO3) phases, on their performance in the photoelectrochemical
oxidation of water. Carbon materials can promote electron transport by their delocalization in the π-electron
density of the graphitic structure; several studies have reported the enhanced photoconversion yields of
such semiconductor/carbon catalysts employing a variety of carbons in terms of nature and characteristics
([27–33] and references therein). Hence, various amounts of carbon additive were incorporated to WO3

photoanodes, assessing the incident photon-to-current efficiency (IPCE) as a function of the applied
potential. Electrodes were prepared by adding increasing amounts of a nanoporous carbon of low surface
functionalization (ranging from 5–50 wt. %) to WO3 powders. The carbon additive was chosen based
on its photochemical activity under varied illumination conditions [34,35]. The results show a substantial
enhancement in the photoelectrochemical responses upon the addition of the nanoporous carbon additive.
The data also demonstrated the differing impact of the carbon additive on the photoelectrochemical response
of the WO3, depending on its optical, crystalline, structural and morphological features. This was particularly
evident in the case of h-WO3 nanorods, which exhibited a doubling of the IPCE values.

2. Materials and Methods

2.1. Materials

WO3 with a hexagonal structure (h-WO3) was synthesized using a hydrothermal approach as described
elsewhere [36]. Briefly, 1.65 g of Na2WO4·2H2O were mixed with ca. 0.58 g of NaCl and dissolved into
40 mL of deionized water under magnetic stirring. Upon stirring, a precipitate was formed when excess
of 1.5 M HCl was added dropwise to reach a pH 2. Then, the solution was transferred into an autoclave
to be heated at 180 ◦C for 24 h. After cooling to room temperature, the greenish precipitate was washed
with ethanol and water several times, and dried at 60 ◦C overnight. Commercially available WO3 powders
with a monoclinic crystalline structure (m-WO3) were purchased from Fluka (puriss. 99.9%). A nanoporous
carbon obtained by steam activation of bituminous coal was selected as the carbon additive in the preparation
of the semiconductor/carbon electrodes (sample referred to as NC). Our previous studies have described
the photochemical activity of this carbon material when exposed to light in aqueous medium [35,37].
Details on the characteristics of this material have been discussed in detail elsewhere [34,37]; we herein
reintroduce selected textural and chemical properties for data interpretation.

2.2. Preparation of the Electrodes

About 100 mg of solids (either bare WO3 or WO3/carbon mixtures) were dispersed in 750 µL of
isopropyl alcohol by sonication for 10 min. About 100 µL of the obtained ink were spread onto an FTO
(fluorine doped tin oxide)-coated glass slide (surface resistivity ~7 Ω/sq) and spin-coated at 3500 rpm
for 30 s. The films were dried at 60 ◦C for 30 min and annealed at 300 ◦C for 1 h (heating rate 5 ◦C/min).
The synthesized electrodes were framed to obtain a geometrical area of 1 cm2. The WO3/carbon
electrodes were labeled as x-W/NCy, where x refers to the crystalline phase of WO3 (m- for monoclinic
and h- for hexagonal) and y stands for the amount of nanoporous carbon additive, ranging from
5 to 50 wt. %.
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2.3. Photoelectrochemical Measurements

The photoelectrochemical measurements were carried out at room temperature in a potentiostat/
galvanostat using a cell with an optically flat circular quartz window (diameter 2 cm). A standard
three-electrode configuration was used, with a Pt wire counter electrode, Ag/AgCl (KCl saturated) as the
reference electrode, and the prepared mixture cast on FTO substrates as photoanodes. The electrodes were
immersed in 0.5 M Na2SO4 (pH adjusted to 1.3 using H2SO4). Transient photocurrent responses were
obtained at bias potentials between +0.2 and +0.6 V vs. Ag/AgCl and under several on/off illumination
cycles. Dark current equilibrium at the applied potential was allowed before the irradiation.
The photoelectrochemical responses were measured several times using various electrodes to evaluate the
reproducibility; average values corresponding to at least 3 distinct electrodes are presented. A blue LED
(Thorlabs) with a narrow emission centred at 371 nm and photon flux of 3.4 × 1014 cm−2 s−1 was used
as the irradiation source. This was selected considering the absorption features of the semiconductors
(see discussion below). The intensity of the LED was calibrated using a standard silicon photodiode
(Newport Corporation). The IPCE values were calculated as:

IPCE (%) =
1240 jph

λP
× 100

where λ (nm) is the wavelength of the monochromatic light irradiating the electrode, and jph (A/cm2)
corresponds to the stationary photocurrent density measured under illumination with P (W/cm2)
incident irradiation. The number 1240 carries the matching units.

Potentiostatic electrochemical impedance spectroscopy (EIS) measurements were recorded in
the frequency range of 0.01 Hz–100 kHz between −0.6 and +0.6 V and using 10 mV AC amplitude.
The data obtained were fitted to the Mott–Schottky (MS) equation, which shows the dependence of the
interfacial capacitance (C) with the applied potential under depletion conditions.
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)
where CSC is the charge space capacity, CH is the Helmholtz capacity, N is the carrier density (donor
ND or acceptor NA), ε is the dielectric constant of the electrode material, ε0 is the electric permittivity
of the vacuum, e is the elementary charge, k is the Boltzmann constant, T is the absolute temperature
and Efb is the flat band potential.

2.4. Characterization Techniques

The porosity of all samples was determined by N2 adsorption at−196 ◦C in a volumetric analyzer.
Before the experiments, the samples were outgassed at 120 ◦C for 17 h under vacuum. The specific
surface area (SBET), total pore volume (Vtotal), and the micropore volume (VMICRO) were obtained from
the gas adsorption data. UV-Vis diffuse reflectance spectra were recorded on a spectrophotometer
equipped with an integrating sphere and using BaSO4 as a blank reference. The band gap energy was
calculated from the Tauc plot, using the Kubelka–Munk function from the reflectance measurements.
XRD diffractograms were obtained in a Bruker D8 advance instrument operating at 40 kV and 40 mA
using Cu kα (λ = 1.5406 nm). Scanning electron microscope (SEM) images were obtained using an FEI
QUANTA microscope (FEG 650 model, Thermo Fisher Scientific, Waltham, MA, USA).

3. Results and Discussion

3.1. Characterization of the Materials

Figure 1 shows the XRD patterns and diffuse reflectance spectra of both WO3 materials used in the
fabrication of the photoanodes. The diffractograms confirmed the hexagonal lattice of the semiconductor
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prepared by the hydrothermal method [36], with an intense peak at ca. 28.1◦ characteristic of the 200 direction.
All the peaks of the pattern were indexed in the hexagonal structure reported for this material (pattern
JCPDS-01-075-2187), with no peaks corresponding to other crystalline phases detected. On the other
hand, the commercial powders displayed a monoclinic crystalline structure (JCPDS-01-083-0950 pattern).
The mixtures of the semiconductors with the carbon additive were prepared by the physical mixing of
the individual components, thus no changes in the crystallinity of the samples were observed (Figure S1).
The average crystal size, estimated using the Debye–Scherrer equation, was found to be 27 and 34 nm for
the monoclinic and hexagonal phase, respectively. These values are in good agreement with those reported
in the literature for a semiconductor synthesized following a similar recipe [38,39].

C 2018, 4, x FOR PEER REVIEW  4 of 15 

3. Results and Discussion 

3.1. Characterization of the Materials 

Figure 1 shows the XRD patterns and diffuse reflectance spectra of both WO3 materials used in 
the fabrication of the photoanodes. The diffractograms confirmed the hexagonal lattice of the 
semiconductor prepared by the hydrothermal method [36], with an intense peak at ca. 28.1° 
characteristic of the 200 direction. All the peaks of the pattern were indexed in the hexagonal structure 
reported for this material (pattern JCPDS-01-075-2187), with no peaks corresponding to other 
crystalline phases detected. On the other hand, the commercial powders displayed a monoclinic 
crystalline structure (JCPDS-01-083-0950 pattern). The mixtures of the semiconductors with the 
carbon additive were prepared by the physical mixing of the individual components, thus no changes 
in the crystallinity of the samples were observed (Figure S1). The average crystal size, estimated using 
the Debye–Scherrer equation, was found to be 27 and 34 nm for the monoclinic and hexagonal phase, 
respectively. These values are in good agreement with those reported in the literature for a 
semiconductor synthesized following a similar recipe [38,39]. 

 
Figure 1. X-ray diffraction pattern of the (A) monoclinic and (B) hexagonal WO3. Blue bars indicate 
the standard patterns (JCPDS-01-075-2187 and JCPDS-01-083-0950 for the hexagonal and monoclinic 
lattice, respectively); (C) Absorbance spectra and (D) Tauc representation of hexagonal and 
monoclinic WO3. 

The light absorption properties of the two phases of WO3 were measured by UV-Vis 
spectroscopy and revealed important differences between both materials. Indeed, the spectrum of m-
WO3 presented the characteristic absorption sharp edge at 470 nm (Figure 1C) that corresponds to a 
band-gap (Eg) of 2.6 eV, as estimated from the Tauc representation in Figure 1D, and in agreement 
with the values reported in the literature for this material [40–42]. In contrast, the absorption edge 
corresponding to h-WO3 shifted slightly towards lower wavelengths (ca. 40 nm), resulting in an 
optical band gap value of 2.9 eV, also in agreement with the values reported in the literature for the 
same material [15]. Differences in the band gap for WO3 have been associated with the presence of 

20 30 40 50 60 70 20 30 40 50 60 70

In
te

ns
ity

 /a
.u

.

2Theta /Degree

A) B)

In
te

ns
ity

 /a
.u

.

2Theta /Degree

200 300 400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

2.5 3.52.0 3.0 4.0

0

1

2

3

4

5

 

 

Ab
so

rb
an

ce
 / 

a.
u.

Wavelength / nm

 h-WO3

 m-WO3

C) D)

(F
(R

) x
 h

υ)
1/

2

Energy / eV

Figure 1. X-ray diffraction pattern of the (A) monoclinic and (B) hexagonal WO3. Blue bars indicate the
standard patterns (JCPDS-01-075-2187 and JCPDS-01-083-0950 for the hexagonal and monoclinic lattice,
respectively); (C) Absorbance spectra and (D) Tauc representation of hexagonal and monoclinic WO3.

The light absorption properties of the two phases of WO3 were measured by UV-Vis spectroscopy
and revealed important differences between both materials. Indeed, the spectrum of m-WO3 presented
the characteristic absorption sharp edge at 470 nm (Figure 1C) that corresponds to a band-gap (Eg)
of 2.6 eV, as estimated from the Tauc representation in Figure 1D, and in agreement with the values
reported in the literature for this material [40–42]. In contrast, the absorption edge corresponding
to h-WO3 shifted slightly towards lower wavelengths (ca. 40 nm), resulting in an optical band gap
value of 2.9 eV, also in agreement with the values reported in the literature for the same material [15].
Differences in the band gap for WO3 have been associated with the presence of cation impurities (W4+,
W5+) in the hexagonal phase [17]. The spectra corresponding to the WO3/carbon mixtures showed
similar trends regardless of the crystalline phase of WO3; below 500 nm the profiles were similar to
those of the corresponding bare semiconductor. In the region between 500–800 nm, the absorbance
gradually increased with the amount of the carbon additive (Figure S1), as a result of the light
absorption of the carbon matrix [43,44].
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As for the morphology, Figure 2a–f shows the SEM images of both WO3 crystalline structures and
the carbon additive. The morphology of h-WO3 is composed of nanorods of uniform sizes (in terms of
diameter and length), as opposed to the globular aggregates of nanoparticles of ca. 40–60 nm size observed
for m-WO3. Since the carbon/semiconductor mixtures were prepared by physical mixture, the morphology
of the semiconductors was not modified. Additionally, selected SEM images corresponding to the electrodes
prepared by spin coating on the FTO support (m-WO3, h-WO3, h-W/NC50 and m-W/NC50) are also
shown in Figure 2g–l. As shown, the semiconductor particles are homogenously spread throughout the
support, with carbon particles randomly dispersed surrounding the semiconductor. It is worth noting that
the annealing temperature used for the preparation of the electrodes (ca. 300 ◦C) was selected to avoid
modifications either in the crystallinity of the semiconductor (the phase transition from the hexagonal to the
monoclinic phase in WO3 occurs above 500 ◦C, see Figure S2) or the composition of the carbon material,
which could affect the photoelectrochemical response of the electrodes.
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Differences between both crystalline phases of WO3 were also noticed in the porosity. Despite both
materials displaying low porosity, the hexagonal phase presented a ca. three times higher surface area
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than the monoclinic one (ca. 20 and 6 m2/g for h-WO3 and m-WO3, respectively). The incorporation of
the carbon additive increased the surface areas and pore volumes (Figure S3, Table S1), with the values
following the stoichiometric trend considering the loading of the semiconductor and the amount
of nanoporous carbon (Table S1). On the other hand, both semiconductors showed a somewhat
acidic character (slightly more acidic for the monoclinic phase), whereas the WO3/carbon mixtures
presented an increased basic character, inherited from the hydrophobic character of the nanoporous
carbon (Table S1).

3.2. Photoelectrochemical Response of the Electrodes

The voltammetric response of the WO3 electrodes under dark conditions showed that both
crystalline phases of WO3 displayed a similar feature, with the characteristic shape of a semiconductor
with two different regions (accumulation and depletion) depending on the bias potential (Figure 3A).
The cathodic current observed below 0 V corresponds to the accumulation region of the semiconductor,
and is associated with the reversible electrochromic reduction of the material, upon the intercalation
of protons from the solution in the electrode surface to form a tungsten bronze (WO3 + xH+ +xe− →
HxWO3) [45,46]. Above ca. 0.2 V, the flat current is observed corresponding to the depletion region
of the semiconductor. For h-WO3 the accumulation region appears slightly shifted to more negative
potentials (ca. 75–85 mV) compared to m-WO3. This indicates that the potential of photogenerated
electrons in the conduction band of h-WO3 is more negative than in m-WO3 (since the onset potential
for electron injection in the accumulation region of a semiconductor can be assimilated to the potential
of the conduction band edge).
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Figure 3. Cyclic voltammograms recorded at 20 mV/s of WO3 and WO3/carbon electrodes under
(A–C) dark conditions and (D–F) and square-wave light perturbation at 371 nm (black line) for selected
electrodes: (D) m-WO3, (E) m-W/NC20 and (F) h-WO3. For the potentials expressed vs. NHE refer to
Figure S4.

For the WO3/carbon electrodes, the capacitive contribution of the nanoporous carbon was clearly
seen in the large dark current densities of the voltammograms as the amount of carbon additive
increased (Figure 3B,C). This behavior was expected, considering that the porosity of the WO3/carbon
mixtures increases with the amount of carbon (Table S1).
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Upon squared-waved illumination at 371 nm, anodic photocurrents were recorded in the
voltammetry profiles for m-WO3 (Figure 3D,E), as expected for an n-type semiconductor where
electrons are the majority charge carriers. They originate from water oxidation in the holes accumulated
at the electrode/electrolyte interface, while the electrons travel through the semiconductor to the back
contact, driven by the bias potential. The overall photocurrent intensity increases as the potential is
swept towards more positive values, which can be phenomenologically rationalized using a decreased
interfacial electron density and probability of charge recombination [41,47–49].

In the case of h-WO3, the cyclic voltammetry under squared-wave illumination showed the
same shape as under dark conditions; the lack of photocurrent detection in the voltammetry of
the electrodes in the absence of an external potential (Figure 4) indicates a fast recombination
of the electron/hole pairs for this material. The drop in the photopotential under open-circuit
conditions (Figure S5) confirmed the photoactivity of h-WO3, as well as its n-type character, similar
to m-WO3. Indeed, the evaluation of the donor density (ND) in dark conditions with impedance
measurements using the Mott–Schottky equation rendered similar values for both crystalline phases of
WO3 (ca. 1.9–3.8 × 1020 cm−3) (Figure S6). These values are in good agreement with those reported in
the literature for monoclinic tungsten trioxide [14].
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Figure 4. Transient photocurrent responses for (A) m-WO3 and (B) h-WO3 electrodes at various bias
potentials between 0.2–0.6 V vs. Ag/AgCl under illumination (2 min) at 371 nm (photon flux of
3.4 × 1014 cm−2 s−1).

Despite the similar donor density of both crystalline phases of WO3, the photocurrent measured
for h-WO3 under squared-wave illumination were smaller than those of m-WO3, confirming the strong
recombination of the charge carriers in the absence of a bias potential. The large capacitive current
under dark conditions of the WO3/carbon electrodes with carbon contents above ca. 20 wt. % hindered
the detection of small photoresponses. Thus, transient photocurrent responses at constant potentials
were used to assess the photoelectrochemical activity of WO3 and the WO3/carbon electrodes between
0.2 and 0.6 V vs. Ag/AgCl (Figure 4). It should be pointed out that above 0 V vs. SCE, the intercalation
of protons in the structure to form tungsten bronze is avoided. Furthermore, when tested under
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consecutive illumination cycles (Figure S7) similar shape and photocurrent intensities were obtained,
confirming the photostability of the electrodes. The photochemical stability of the WO3 electrodes
upon long-term irradiation is in agreement with other studies from the literature [50–53].

The transients of both WO3 electrodes exhibited the typical shape of an n-type semiconductor,
with positive photocurrent values increasing with the applied potential. The photocurrent intensity
was an order of magnitude higher for m-WO3 than for h-WO3, despite the latter having a higher
specific surface area (Table S1). The higher effective absorbance at 371 nm of m-WO3 (Figure 1C)
in comparison to h-WO3, can contribute to its higher photocurrent. On the other hand, it is also
worth noting that previous photochemical and photoelectrochemical studies have concluded that
h-WO3 shows lower activity than m-WO3 [14,42]. The most remarkable difference between both
structures is the shape of the photocurrent transients, particularly at low bias potentials. For m-WO3,
an initial rapid and sharp photocurrent was recorded upon switching on the irradiation, followed
by a relaxation to a quasi-stationary state. For some electrodes an anodic current peak (overshoot)
was observed after the first seconds of irradiation; however upon switching off the illumination,
no negative undershoots were observed at any of the applied potentials, as expected for materials
showing surface recombination reactions, which arise from the fact that electron and hole currents
have different relaxation times and opposite signs [54]. This behavior was reproducible after successive
on/off illumination cycles. On the other hand, the quasi-stationary photocurrent was strongly
dependent on the applied potential, which is a clear manifestation of bulk recombination processes.
Furthermore, similar photocurrents were obtained by the front- and back-side illumination modes
of the electrodes, discarding carrier transport limitations as the main mechanism governing the
photocurrent losses [55,56]. This behavior suggests that the undershoots are attributed to the hindered
transport of the majority carriers (electrons) under illumination trapped in deep states, which leads to
the generation of a time-dependent photovoltage that decreases the effective interfacial potential and
increases recombination. Another explanation would be the inactivation of the surface of the electrode
due to the products of water oxidation [57].

In the case of h-WO3, different behavior was obtained depending on the applied potential. At bias
potentials of ca. 0.5 and 0.6 V vs. Ag/AgCl, the response is quite similar to that of m-WO3, although
with more pronounced overshoots. At applied potentials between 0.2–0.4 V vs. Ag/AgCl, a negative
photocurrent peak appeared instantaneously after switching-on the light, followed by a gradual
increase in the anodic photocurrent until a quasi-stationary state value was achieved. After irradiation,
the anodic photocurrent slowly returned to the background value (the differences in kinetics were
considerable, compared to m-WO3). Negative instantaneous photocurrents were also observed with
the same intensity under de-aerated conditions, discarding the influence of oxygen on the process
(results not shown). These unusual bipolar transient responses reveal an instantaneous interfacial
charge distribution leading to an excess of electron density upon illumination, equivalent to applying
a potential step from positive to negative values. As the photo-transient response relaxes, the faradaic
component (water oxidation) takes over, leading to a relaxation of the high photocurrent. A detailed
analysis of the nature of the trap states in these complex materials is beyond the scope of this work.

Interestingly, the instantaneous photoresponses in both materials were very different in the
case of WO3/carbon electrodes, pointing to better charge transfer dynamics in the presence of the
carbon phase (Figure 5). In the case of m-W/NC electrodes, a significant increase in the photocurrent
magnitude in the presence of the carbon additive was observed; however, the main features of the
photocurrent transients remained unaffected by the addition of carbon. The same trend was observed
for all studied potentials (0.2–0.6 V vs. Ag/AgCl). As we have already reported [58], the larger increase
in the photocurrent was obtained for the electrodes with ca. 20 wt. % carbon additive. Nonetheless,
the photocurrent values obtained for the electrodes with carbon contents between 5 and 50 wt. %
were higher than those of the bare semiconductors, demonstrating that these hybrid electrodes are
more photoactive than bare m-WO3. It should be mentioned that in previous studies, we reported the
activity of the nanoporous carbon used herein as the additive for the photoelectrochemical oxidation
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of water. The carbon photoanode did not present activity at bias potentials below +0.5 V vs. Ag/AgCl,
and the photocurrent values were extremely low compared to those herein reported [26].

In the case of h-W/NC electrodes, the incorporation of the carbon on the electrodes also provoked
an increase in the photocurrent when the amount of carbon was higher than 10 wt. % (Figure 5).
The increase was more pronounced for low bias potentials, between 0.2–0.4 V vs. Ag/AgCl; in terms
of IPCE, the values increased twofold from h-W to h-W/NC10 (Table 1). For carbon amounts between
20–50 wt. %, the photocurrent remained rather constant and was still higher than the value of the
semiconductor, indicating that the carbon material was able to somewhat compensate for the lower
amount of the semiconductor in measured photocurrents. The fact that the shape of the transients was
preserved after the addition of the nanoporous carbon to both crystalline phases indicates that the
carbon material does not alter the photoelectrochemical mechanism of the electrodes. This is somewhat
expected, since the WO3/carbon electrodes were prepared by a physical mixture of the semiconductor
and the carbon additive.
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Figure 5. (A–D) Transient photocurrent responses under illumination (2 min) at 371 nm of the prepared
WO3, and WO3/carbon electrodes at various bias potentials; (E,F). Transient photocurrent responses
normalized vs. the amount of WO3 in the electrodes.
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Table 1. IPCE values of all studied electrodes at applied potentials between 0.6 and 0.2 V vs. Ag/AgCl.

h-WO3 m-WO3

Amount of Nanoporous Carbon (wt. %)

0 5 10 20 50 0 5 10 20 50

Potential
(V vs. Ag/AgCl)

0.6 V 0.40 0.40 0.44 0.66 0.74 5.88 10.32 13.19 12.58 7.75
0.5 V 0.30 0.27 0.38 0.60 0.51 5.38 8.95 10.71 9.97 6.22
0.4 V 0.08 0.12 0.24 0.47 0.27 5.72 7.08 9.32 9.60 4.97
0.3 V 0.04 0.09 0.18 0.36 0.14 3.41 6.16 6.72 5.31 2.77
0.2 V 0.02 0.01 0.17 0.11 0.09 1.32 2.63 1.97 1.26 0.55

For both crystalline phases, larger photocurrents and IPCE values were recorded for the electrodes
with nanoporous carbon added to the semiconductor, which confirms a more effective charge carrier
collection in the presence of the carbon. It should be mentioned that even if these IPCE values are not
among the highest reported for other water oxidation photocatalysts, they demonstrate an important
increase in the performance of WO3 upon the incorporation of a metal-free nanoporous carbon in the
electrodes. This confirms that the use of porous amorphous carbons is indeed an interesting strategy
to improve the performance of semiconductors in the oxygen evolution reaction.

Figure 6 shows a comparison between the photocurrents upon illumination of the both series of
electrodes prepared with monoclinic and hexagonal WO3 at different bias potentials. As seen, notable
differences were obtained for both crystalline structures, with photocurrent values of h-WO3 notably
smaller than those of m-WO3 regardless of the applied potential. The effect of the nanoporous carbon
additive appears different for both crystallographic phases of WO3 (Figure 6). For m-WO3, a notable
increment in the photocurrent was registered (twice the initial value) after the addition of 5 wt. % of
nanoporous carbon, with the electrodes with 10–20 wt. % carbon achieving the maximum performance.
For the electrodes with carbon content of 50 wt. %, the photocurrent drops considerably, pointing out
to some shadowing effects from the carbon additive. In the case of h-WO3, the enhancement in the
photocurrent values was only remarkable for amounts of carbon above 20 wt. %, and the maximum
performance was also obtained for higher amounts of carbon for all the bias potentials.

This is most interesting, considering that the amount of semiconductor was gradually reduced
as the amount of carbon additive increased (demonstrating that the W/NC electrodes were more
efficient than bare WO3). Indeed, if the photocurrent values were normalized vs. the amount of
semiconductor in the mixtures (Figure 5E,F), it was clearly seen that all the W/NC electrodes exhibited
a higher photocurrent than the bare semiconductor, even for the electrodes with the largest amount
of carbon additive. These results also indicate that the beneficial effect of the nanoporous carbon
is more significant for the h-WO3/carbon mixtures. In the monoclinic phase, similar normalized
photocurrents are obtained for the amounts of 10–50 wt. %. However, for the hexagonal phase,
the normalized photocurrent at 0.6 V increased remarkably for 10, 20 and 50 wt. % and no plateau
was observed. Still, the photocurrent values obtained were much lower than those of the m-WO3

electrodes, indicating that there were large losses of photogenerated charge carriers for this system,
and that additional measures need to be undertaken to improve the photoelectrochemical response of
this material (such as using a different carbon additive).

To clarify the role of the carbon additive, several parameters should be considered. First, the carbon
matrix could act as an electron acceptor, favoring the diffusion and mobility of the photogenerated electrons
via delocalization within the conjugated π-electron density of the graphene-like sheets of carbon. A similar
behavior has been reported for hybrid catalysts incorporating carbon nanotubes and graphene as additives
to semiconductors [59]. Secondly, due to the hydrophobic nature of the carbon, water molecules are confined
(adsorbed) inside the nanopore voids of the carbon, which could influence the activation energy for water
oxidation. Thus, the presence of small pores and surface hydrophobicity are important factors to boost the
strong adsorption of water molecules in the nanopores to enhance the conversion of water. Finally, it should
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also be considered that the nanoporous carbon used in the preparation of the WO3/carbon electrodes
has a certain degree of photoactivity itself [34,35,60] and has shown photoelectrochemical activity for the
oxidation of water as a metal-free carbon photoanode. All these processes coexist in these electrodes,
contributing to the superior photoelectrochemical activity of the WO3/carbon electrodes for the water
oxidation reaction.
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Figure 6. Photocurrent values for m-W/NC (black line) and h-W/NC (red line) electrodes as a function
of the amount of nanoporous carbon for various applied potentials.

4. Conclusions

This work provides new insights into the effect of nanoporous carbon additives on the
photoelectrochemical activity of monoclinic and hexagonal WO3 nanoparticles for the photooxidation
of water under a potential bias. The data revealed the different photoelectrochemical efficiency of
monoclinic and hexagonal WO3 electrodes for the photooxidation of water, due to a large recombination
rate of the photogenerated charge carriers in the latter. The incorporation of increasing amounts of
an amorphous nanoporous carbon additive of low functionalization allowed the improvement of
the photoelectrochemical efficiency of the electrodes in both cases. The effect of the carbon material
was more pronounced in the hexagonal phase of WO3 (least-performing semiconductor), with about
a four-fold increase in the photocurrent of the WO3/carbon electrodes, and the largest increase in
the photocurrent for the electrode with the largest amount of carbon (ca. 50 wt. %). The enhanced
photocurrent values obtained for the WO3/carbon electrodes are attributed to the key features of the
carbon and its role in facilitating the majority carrier transport through the graphitic layers. It is also
suggested that the porosity of the carbon additive is important to promote water nanoconfinement,
which could contribute to a more facile water photo-oxidation. These results demonstrate the possibility
of using nanoporous carbons to boost the photoelectrochemical efficiency of a semiconductor with
low photochemical activity (i.e., h-WO3) for the photooxidation of water using UV irradiation. This is
an interesting strategy, given the versatility of carbon materials in terms of varied physicochemical
features (e.g., porosity, morphology, composition, structure), that would allow for a low-cost approach
to optimizing the performance of semiconductor/nanoporous carbons.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2311-5629/4/3/45/s1,
Figure S1: X-Ray diffraction patterns of (A) m-WO3, NC and the m-WO3/carbon mixtures; (B) h-WO3, NC and
the h-W/NC50, diffractograms are shifted for clarity; red bars indicate the standard pattern (JPDS-01-083-0950
and JCPDS-01-075-2187 corresponding to monoclinic and hexagonal lattice, respectively). Absorbance spectra of
(C) m-WO3 and the corresponding m-WO3/carbon mixtures and (D) h-WO3 and h W/NC50; Figure S2: X-Ray
diffraction patterns of h-WO3 with increasing the calcination temperature; dots indicate the standard patterns
corresponding to the hexagonal and monoclinic lattices; Figure S3: Nitrogen adsorption isotherms at −196 ◦C
performed for the nanonoporous carbon and the semiconductor/carbon mixtures analysed (close symbols
represent adsorption; empty symbols represent desorption); Figure S4: Cyclic voltammograms recorded at
20 mV/s of WO3 and WO3/carbon electrodes under (A–C) dark conditions and (D–F) and square-wave light
perturbation at 371 nm (black line) for selected electrodes: (D) m-WO3, (E) m-W/NC20 and (F) h-WO3. Potentials
are expressed vs. NHE; Figure S5: Evolution of the open-circuit potential (vs. Ag/AgCl) of (A) h-WO3 and
(B) m-WO3 electrodes under illumination at 371 nm (photon flux of 3.4× 1014 cm−2 s−1); Figure S6: Mott-Schottky
plots of WO3 at 3.1 kHz under dark conditions in 0.5 M Na2SO4 pH 1.3; Figure S7: Consecutive transient
photocurrent responses of m-W/NC10 electrode at 0.5 V vs. Ag/AgCl (left). Cyclic voltammetry of m-W fresh and
after irradiation (right); Table S1: Main textural parameters of the semiconductors and the semiconductor/carbon
mixtures obtained from the equilibrium nitrogen adsorption/desorption isotherms at −196 ◦C and surface pH.
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