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A B S T R A C T   

Carbonaceous materials have been widely used in photocatalysis to solve the drawback of rapid electron-hole 
recombination rate of semiconductors such as titania. To further understand the charge separation mechanism 
and its effect on the ethanol photoreforming hydrogen production, two types of carbon-titania hybrid material 
systems were studied. One of them is multi-walled carbon nanotube-titania nanoparticles (MWCNT-TiO2) pre-
pared by a sol-gel synthesis method, which according to previous studies should facilitate the migration of 
electrons from TiO2 to MWCNT. The second system is based on a two-dimensional carbon (exfoliated carbon, 
2DC) and titania nanosheet (TNS), synthesized through a hydrothermal route that enabled the formation of 
strong interaction between the carbon and the {001} facets of the TNS. Our results demonstrate that this unique 
design promotes the migration of the photogenerated holes from the TNS to the expanded carbon. Steady state 
photoluminescence studies indicate that the recombination rate in both cases decreases benefiting from the 
spatial separation of photogenerated carriers, resulting in enhanced photocatalytic activity. The present study 
provides a comprehensive understanding of the charge separation mechanism and its effect on ethanol photo-
reforming hydrogen production in carbon-titania hybrid material systems and clearly highlights the need for 
further research to investigate the charge transfer in these kinds of hybrid materials.   

1. Introduction 

With the continuous consumption of non-renewable resources and 
the increasingly serious environmental pollution problems caused 
mainly by the combustion of fossil fuels, finding a renewable 
environment-friendly alternative energy source is a vital need for 
modern society [1]. In this scenario, hydrogen has emerged as a prom-
ising candidate to replace the traditional fossil fuels such as coal, pe-
troleum, natural gas, etc [2]. As a renewable energy source, hydrogen 
has a very high calorific value of combustion. Moreover, hydrogen is an 
environmentally friendly option as it produces only water when used as 
fuel. In addition, hydrogen is widely used as feedstock in many 

chemicals, electronics, and metallurgical industries. However, at present 
time, the industrial production of hydrogen primarily relies on steam 
reforming of methane, which is a high energy-consuming process that 
additionally generates CO2 emissions [3]. Under this context, govern-
ments worldwide have established ambitious strategies aimed at 
developing efficient, economical and energy-neutral processes for sus-
tainable hydrogen production. This development is essential for the 
decarbonization of our society. 

Since Fujishima and Honda revealed the possibility of generating 
hydrogen through the splitting of water using UV light-induced elec-
trocatalysis [4], it has been a significant interest in developing efficient 
solar-light-driven photocatalytic processes for sustainable hydrogen 
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production. Among the photocatalytic reactions reported in the litera-
ture, one of the most appealing is the liquid phase photoreforming of 
biomass-derived hydrocarbons, such as ethanol. This reaction occurs at 
ambient pressure and room temperature, and produces acetaldehyde 
instead of carbon dioxide. Importantly, acetaldehyde has numerous in-
dustrial applications and it can be used directly in the production of 
perfumes, polyester resins and basic dyes [5]. 

Many different semiconductors such as TiO2, CdS, ZnO and C3N4, 
etc., have been explored for the photocatalytic hydrogen production [6, 
7]. Among them, titanium dioxide (TiO2) has become one of the most 
widely used semiconductors in photocatalysis due to its high activity, 
thermal and chemical stability, nontoxicity, corrosion resistance and 
relatively low cost [8]. Nevertheless, it also shows some limitations, 
including the following two main drawbacks: the fast electron-hole 
recombination rate and the limited range of solar light absorption due 
to its relatively wide band gap (ca. 3.2 eV) [9]. To solve these problems 
and further improve the photocatalytic activity of TiO2, several strate-
gies have been proposed, including heterojunction construction [10], 
metal loading (co-catalyst) [11], metal and non-metal doping [12] and 
coupling with other materials [13]. 

Carbon materials, one of the most abundant available resources 
worldwide, have shown unique physical, chemical, and thermal prop-
erties that make them highly attractive for catalytic applications [14]. In 
particular, the carbon materials have commonly been used as additives 
to create hybrid materials with enhanced electronic properties, which 
can be utilized to promote the separation of the photogenerated charge 
carriers and boost the photocatalytic activity [15]. Indeed, various types 
of carbon-based materials have been reported to exhibit higher photo-
catalytic activity than bare photocatalysts [16,17]. However, the most 
relevant studies on photocatalysis using carbon-based hybrid materials 
assume that carbon materials merely act as electrons accept-
or/conductor. Yu et al. [18] synthesized Cd0.1Zn0.9S modified with 
carbon nanotubes by a simple hydrothermal method and it showed 
enhanced photocatalytic activity under visible light. The authors pro-
posed that the photogenerated electrons were transferred to the CNT 
due to its high electrical conductivity and long-range electronic conju-
gation, resulting in enhanced photocatalytic activity. Woan et al. [19] 
reached a similar conclusion using TiO2 with multi-walled carbon 
nanotubes as photocatalyst. Besides, other carbon materials such as 
graphene [20] and fullerene [21] were also reported to capture photo-
induced electrons from semiconductors, leading to charge separation 
and higher photocatalytic activity. On these bases, in a few studies, 
carbon materials are also employed as a solid state electron mediator to 
construct a Z-scheme heterojunction photocatalyst. Benefiting from the 
good conductivity of carbon materials, photogenerated electrons could 
migrate between two semiconductors or dye sensitized solar cells 
through carbon [22,23]. In contrast, very few studies have proposed 
completely different charge transfer pathways in carbon-composite 
photocatalysts. Recently, Saha et al. [24] provided evidence that the 
charge separation can be governed by hole transfer from the valence 
bands of titania to the carbon materials. Similarly, Lettieri et al. [25] 
revealed the hole transfer from TiO2 to graphene related materials 
through a combined EPR, photoluminescence and photocatalysis 
assessment. It should be pointed out that carbon materials are 
commonly accepted as electron acceptors in photocatalysis. However, in 
other fields such as photovoltaics, it is accepted that carbon materials 
can act as both hole and electron acceptors [26]. Therefore, the roles and 
advantages of carbon materials in various photocatalyst systems still 
require more understanding. Special attention should be paid to the 
development of strategies that control the process of charge carrier 
transfer to reduce the recombination rate. 

In this work, two strategies were implemented to promote the elec-
tron migration either from titania to the carbon material or the reverse 
from the carbon material to titania. It should be pointed out that the 
latter strategy has not been considered in the literature, and therefore 
one of the aims of this work is to provide evidence that this approach 

may also contributes to the improvement reported in the literature. In 
order to achieve this objective, we have taken advantage of the 
morphology of different carbon materials and TiO2 nanoparticles. We 
propose that the electron migration from the carbon material to the 
titania can be improved by using a two dimensional carbon material as 
an additive of titania nanosheets. By this approach, we successfully 
promote the interaction between the {001} facets of TNS, where the 
photo-induced holes are located, and the carbon material. Additionally, 
a reference MWCNT-TiO2 system was obtained, where the carbon ma-
terial acted as a good conductor, facilitating the migration of photo-
generated electrons from TiO2 to MWCNT and then achieving the spatial 
separation of charge carriers. Influence of the microstructure of the 
multi-walled carbon nanotubes on the catalytic performance was also 
studied by using MWCNT with different annealing pre-treatments that 
improve its crystallinity. 

2. Experimental 

2.1. Reagents and materials 

All chemical reagents are analytical grade and used without further 
purification. Titanium (IV) butoxide (Ti(OBu)4, 97%) was purchased 
from Sigma-Aldrich Ltd. Hydrofluoric acid (HF, 48%) was purchased 
from Acros Organics Ltd. 2-propanol (C3H8O, 99.5%) was purchased 
from PanReac AppliChem Ltd. Absolute ethanol (C2H6O) was purchased 
from Scharlab Ltd. Platinum nitrate (Pt(NO3)2, 99.95%) was purchased 
from chemPUR Ltd. 

Commercial MWCNTs used in this study were synthesized by 
chemical vapor deposition (CVD) and provided by Pyrograf Products 
Inc. (Ohio, USA). After the CVD, the MWCNTs were treated at 700 (CNT) 
or 3000 (gCNT) ◦C under inert by the provider. The commercial names 
of the products are PR19-PS and PR19-HHT, respectively. In order to 
improve the miscibility of the gCNT in ethanol, the sample was further 
treated in air at 620 ◦C for 5 h. 

The two dimensional carbon was obtained using an Expandable 
Graphite grade 3772 provided by Asbury Carbons. Typically, 50 mg of 
this raw material was placed in a beaker and then microwaved for 30 s at 
a power of 800 W. 

2.2. Synthesis of MWCNT-TiO2 photocatalyst 

The MWCNT-TiO2 was synthesized using a sol-gel method [27]. 
Typically, 15 mg of CNT or gCNT was suspended in 60 mL of absolute 
ethanol and exposed to ultrasound (120 W, Ultrasonic Cleaner, 
VEVOR®) to obtain a uniform suspension. Subsequently, 18 mL of Ti 
(OBu)4 was added to the suspension under continuous stirring. After 1 h, 
1.44 mL of Milli Q water was added dropwise to the mixture and kept 
stirring for an additional hour. The solid samples were filtrated using a 
nylon filter membrane with 0.45 µm pore size (Filter-Lab®). Besides, 60 
mL of absolute ethanol was used to remove the residual impurities and 
finally the samples were dried in oven at 100 ◦C for 12 h. Furthermore, 
the samples were re-dispersed in Milli Q water and stirred at room 
temperature for 4 h for a second wash, followed by filtration and drying 
at 100 ◦C for 12 h. The synthesis process of bare TiO2 was the same 
except for the adding of MWCNTs. All samples were calcined in a muffle 
oven at 350 or 450 ◦C for 6 h under air atmosphere to evaluate the effect 
of the TiO2 crystallinity on the catalytic performance. The mass yields of 
the samples calcined at 350 and 450 ◦C were calculated to be approxi-
mately 74% and 61%, respectively. 

2.3. Synthesis of 2DC-TNS photocatalyst 

2DC-TNS was synthesized using a hydrothermal method modified 
from literature [28]. Initially, 5 mg of carbon was dispersed in 60 mL of 
2-propanol with the assistance of ultrasound in a custom-built Teflon 
autoclave with a volume of 150 mL. Then 6 mL of Ti(OBu)4 were added 
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to 2-propanol solution. Finally, 2.16 mL of HF aqueous solution (48%) 
was added dropwise to the autoclave. The six-port autoclaves [29] were 
placed in an oven and rotated with a speed of 50 rpm. The temperature 
of the oven was increased to 180 ◦C and maintained for 24 h. After the 
oven was cooled down to room temperature, the powder sample was 
separated from liquid by centrifugation (4500 rpm, 15 min) and washed 
with ethanol and water three times. Finally, the photocatalyst was ob-
tained after drying at 100 ◦C for 12 h. The bare TNS was prepared in the 
same method without the addition of carbon. The mass yields were 
calculated to be approximately 58% for both the TNS and the 2DC-TNS. 
More information about the structure of the bare TNS and the synthesis 
can be found herein [30]. 

2.4. Photodeposition of MnOx 

Normally, 10 mg of sample and a calculated amount of precursor Mn 
(NO3)2 with a final Mn loading of 1 wt% were mixed in 70 mL of Milli Q 
water. Besides, NaIO3 was added as the electron acceptors to facilitate 
the photodeposition. Then the suspension was irradiated by a 80 W LED 
collimator source (365 nm, MIGHTEX) under continuous stirring. After 
3 h of photodeposition, the suspension was filtered and dried at 60 ◦C for 
12 h. 

2.5. Characterization of photocatalysts 

The powder diffraction patterns of all samples were recorded using a 
D8 advance-A25 diffractometer (Bruker) with Cu Kα (λ = 0.154 nm) 
radiation source at a scanning rate of 2◦ min− 1. The Brunauer-Emmett- 
Teller specific surface area (SBET) was determined by nitrogen 
adsorption-desorption in a Micromeritics ASAP 2020 apparatus. All the 
samples were degassed at 200 ◦C for 2 h prior to the surface area mea-
surements. The temperature programmed oxidation (O2-TPO) experi-
ments were performed in a programmed heating reaction device 
connected to a mass spectrometer (PrismaPlus™, Pfeiffer Vacuum). A 
conventional experiment was carried out with 50 mg of the sample and 
using a flow of 60 mL/min of a 5% O2 in Ar. After the stabilization of the 
mass spectrometer, the oven was heated up to 850 ◦C at a rate of 10 ◦C/ 
min. The 44 m/z signal was recorded to determine the CO2 produced and 
the carbon content. Besides, a calibration of the CO2 signal was per-
formed using calcium oxalate diluted with quartz. Inductively coupled 
plasma-optical emission spectrometer (ICP-OES, Spectrogreen) was used 
to determine the element content of samples. UV-Vis diffuse reflectance 
spectra (DRS) were recorded using a Shimadzu UV-3600i spectropho-
tometer equipped with an integrating sphere. BaSO4 was used as a 
reflectance standard during the measurement. X-Ray photoelectron 
spectroscopy (XPS) measurements were carried out using an Kratos Axis 
Ultra DLD X-ray photoelectron spectrometer. The morphology of the 
samples was studied by scanning electron microscopy (SEM) using a 
Nova NanoSEM 450 at an accelerating voltage of 5 kV. High-angle 
annular dark field scanning transmission electron microscopy 
(HAADF-STEM) images were obtained on a Talos F200X instrument. The 
HAADF-STEM technique is sensitive to the atomic number of the ele-
ments, whose intensity is roughly proportional to the square of the 
atomic number (Z2) and makes possible to distinguish small nano-
particles supported on light supports. Moreover, elemental mapping was 
obtained using energy dispersive X-ray spectroscopy (EDX) to study the 
element distribution. EDX mappings were performed using a beam 
current of 200 pA and a dwell time per pixel of 128 μs. To minimize the 
electron-induced sample drift and damage, we utilized a spatially- 
resolved electron energy-loss spectroscopy (EELS) method in STEM 
mode with a Gatan Imaging Filter (GIF) Continuum integrated into the 
Talos microscope. The 2D spectral image (SI) data for STEM-EELS were 
acquired using a 2.5 mm diameter aperture and 0.15 eV/channel energy 
dispersion, allowing for the simultaneous acquisition of the O-K and Mn- 
L2,3 signals. The energy resolution of 1.0 eV was calculated for the ac-
quired data. For almost simultaneous acquisition of both low-loss and 

core-loss signals, we used a dual-range EELS (DualEELS™) acquisition 
mode. This approach enabled us to correct the signal drift in each in-
dividual pixel of the SI using the zero loss peak (ZLP). Overall, the use of 
spatially-resolved EELS with DualEELS™ acquisition mode and ZLP 
correction allowed for accurate and reliable data acquisition while 
minimizing sample damage. To improve the visual quality of the 
elemental maps obtained, these were filtered using a Gaussian blur of 
0.8 using Velox software. The photoluminescence (PL) spectra were 
collected by a fluorescence spectrometer (Horiba Fluorolog-QM) 
equipped with a continuous 75 W Xenon arc lamp and a photo-
multiplier tube (PMT) detector (920IS). The photon detection efficiency 
of the PMT detector and the grating was calibrated over the full range of 
wavelengths used and all the spectrum included in this work are cor-
rected using this calibration to prevent error in determinate the 
maximum of the fluorescence emission. All the spectra were obtained at 
− 196 ºC under vacuum using a cryostat (CS204-FMX-1SS, ARSCRYO) 
that can be operated between − 268 and 40 ºC. The excitation wave-
length was selected to be 325 nm and a 400 cut filter (Newport FSQ-GG 
400) was used before the emission monochromator to remove artefacts 
in the spectra related to the second order diffraction of the excitation 
light that would be observed at 650 nm. 

2.6. Hydrogen production evaluation 

The photo-catalytic tests were carried out using an on-line photo- 
reactor developed in our laboratory that allows to measure simulta-
neously up to four samples (Fig. S1). A solar simulator (450 W Xenon 
lamp, Oriel Sol3A, Newport) was used as the light source without any 
additional filter. The temperature of the reactor was maintained con-
stant at 8 ºC thanks to a cooling jacket system connected to a thermo-
static bath (AP7LR-20, VWR). Before and after each experiment, a 
spectrum of the light source was measured with a spectrometer (Flame- 
S, Ocean Insight) to ensure the stability of light source during the test. 
Fig. S2 shows a representative spectrum of the light source. In addition, 
a pyranometer (LP PYRA 03 AV, Delta Ohm) was also used to measure 
the sun light irradiance (1.68 sun). The irradiated area of the reactor was 
15.2 cm2. In a standard photocatalytic test, 10 mg of photocatalyst 
nanoparticles were dispersed in 70 mL of a 50% by volume ethanol 
aqueous solution that was magnetically stirred (800 rpm). Before sealing 
the reactor, the appropriate volume (175 µL) of a Pt(NO3)2 solution 
(55.6 ppm of Pt) was added in order to in-situ photodeposit Pt as a co- 
catalyst. The final theoretical Pt loading was 0.1 wt%, which was also 
confirmed by ICP-OES. After a leak test, the residual air in the reactors 
was purged with argon for 2 h at a flow rate of 15 mL/min. The flow was 
kept constant during all the experiments and it was used as carrier to 
analyze the products using an on-line gas chromatograph (GC Trace 
1300, Thermo Scientific) equipped with a high-sensitivity thermal 
conductivity detector and a Carboxen 1010 PLOT Capillary GC Column. 
The analysis of intermediates from photocatalytic solution was carried 
out on a high performance liquid chromatography system (HPLC, 
Thermo Scientific Dionex UltiMate 3000). 0.005 N sulfuric acid in water 
was used as aqueous mobile phase at a flow rate of 0.5 mL/min. The 
column was maintained at 25 ◦C and the injection volume was selected 
to be 10 µL. 

3. Results and discussion 

3.1. MWCNT-TiO2 system 

The XRD patterns included in Fig. 1a show that all the samples 
exhibit diffraction peaks at 25.3◦, 37.8◦, 48.0◦, 53.9◦, 55.1◦, 62.8◦ and 
75.1◦, corresponding to planes (101), (004), (200), (105), (211), (204) 
and (215) of anatase TiO2 (JCPDS No.73–1764). No additional signals of 
other crystal phases were observed, confirming that pure anatase was 
obtained after the calcination treatment and that the carbon material did 
not affect the crystallinity of titania. No apparent MWCNT peaks in the 
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CNT-TiO2 samples could be observed, indicating that the final carbon 
contents are low. The corresponding crystallite size was calculated by 
Rietveld analysis of the diffractograms using the software TOPAS 5.0 
(Bruker AXS). As displayed in Table 1, the particle size of the bare TiO2 
calcined at 350 ◦C was estimated to be 21.8 nm, and after calcination at 
450 ºC, it almost doubled to 34.5 nm. It is evident that particle sintering 
is promoted by increasing the calcination temperature. Similar results 
were obtained when CNT is added, so apparently the presence of 
MWCNTs does not improve the thermal stability of the sample. Fig. 1b 
displays the nitrogen adsorption-desorption isotherms. All samples 
exhibited a typical type IV isotherm with a type H2 hysteresis loop 
(IUPAC classification) at a relative pressure from 0.5 to 0.8, indicating 
the presence of mesopores caused by stacking of particles [31]. Based on 
the results presented in Table 1 and Fig. 1b, it can be concluded that the 

addition of a small amount of MWCNTs did not lead to significant 
changes in the pore structure and specific surface area. However, the 
specific surface area of all samples calcined at 350 ◦C was more than 2 
times higher than that of samples calcined at 450 ◦C, which is consistent 
with the obtained crystallite size by XRD. 

O2-TPO was performed to quantify the carbon content and its nature, 
and the resulting CO2 signal profiles are presented in Fig. 1c and d. It was 
observed that all the samples exhibit some small CO2 release at low 
temperature (below 400 ºC), which is likely due to the adsorption of 
atmospheric CO2 on the surface of the samples during storage. Addi-
tionally, a small peak centered around 425 ◦C was detected in all sam-
ples calcined at 350 ºC, including the bare TiO2 sample, which may be 
attributed to residual organic precursors used in the synthesis. This peak 
was absent in the samples calcined at 450 ◦C, possibly indicating com-
plete removal of the precursors during calcination. We can also observe 
a peak centered at 600 ◦C in the O2-TPO of the low graphitized MWCNT 
sample calcined at 350 ◦C, which can be attributed to the combustion of 
the MWCNTs. In fact, no water release was accomplished to the CO2 
production. Interestingly, the sample calcined at 450 ºC does not display 
this peak, indicating that the MWCNTs were likely combusted during the 
calcination of the sample. In the case of the samples containing highly 
ordered MWCNTs, the CO2 production associated to the MWCNTs is 
centered at a higher temperature as a consequence of the higher 
graphitic structure. Interestingly, the combustion of the raw MWCNTs 
occurs at much higher temperature (664 ºC and 810 ºC) (Fig. S3), which 
is an evidence of the good interaction between MWCNTs and the titania. 
In this case, the titania catalyzes the combustion of the MWCNTs. The 
area of this peak was used to determine the final carbon content of the 
samples (Table 1). Similar carbon contents were found in the samples 
calcined at 350 ºC (0.16–0.18%), but after calcination at 450 ºC almost 
all of the poorly crystalline MWCNTs were burned. In contrast, 
approximately 66% of the gCNT remained in the sample after the 
highest temperature treatment. The carbon content has an obvious effect 
on the color of the samples, which can be observed in the picture 

Fig. 1. (a) XRD patterns, (b) N2 adsorption-desorption isotherms, (c) and (d) O2-TPO profiles of TiO2, CNT-TiO2 and gCNT-TiO2 calcined at 350 and 450 ◦C.  

Table 1 
The summarization of various characteristic parameters obtained from analysis 
of TiO2, CNT-TiO2 and gCNT-TiO2 calcined at 350 and 450 ◦C.   

X-Ray 
Analysis 

Light 
Absorption 

Nitrogen Adsorption 
Analysis 

TPO  

(101) Band Gap SBET PV PS Carbon 

2θ nm eV m2/ 
g 

cm3/ 
g 

nm wt% 

TiO2-350  25.29  21.8  3.26  81.3  0.17  6.9 - 
CNT-TiO2- 

350  
25.30  21.0  3.24  93.1  0.18  6.3 0.16 

gCNT- 
TiO2- 
350  

25.29  20.2  3.23  81.3  0.18  6.8 0.18 

TiO2-450  25.32  34.5  3.24  36.2  0.09  7.7 - 
CNT-TiO2- 

450  
25.31  35.6  3.24  33.7  0.09  7.5 0.03 

gCNT- 
TiO2- 
450  

25.31  35.5  3.22  42.1  0.11  7.5 0.12  
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included in Fig. S4. Visual observation of the samples revealed that CNT- 
TiO2-350, gCNT-TiO2-350 and gCNT-TiO2-450 displayed a similar dark 
gray color. However, CNT-TiO2-450 appeared a much lighter color, but 
it was still not as white as the bare TiO2, indicating the presence of a 
trace amount of carbon (not detected by the TPO experiments), and that 
strongly affects the color of the sample. 

SEM images of the catalysts under the same magnification are 
included in Fig. 2a and Fig. S5. We can observe that the bare TiO2 
calcined at 350 ºC and 450 ºC (Fig. S5) show big particle agglomerates 
ranging from 1 to 5 µm in size. Similar TiO2 particle aggregates can be 
observed in the carbon-containing catalysts, although in this case we can 
identify MWCNTs with an outer diameter ranging from 60 to 150 nm 
that are partially covered by TiO2 nanoparticles. It is impossible to 
determine the presence of MWCNTs inside of the TiO2 agglomerations 
by this technique. Thanks to the combination of EDX and STEM tech-
niques, it was possible to obtain element mapping and confirm the 
presence of this MWCNTs inside of the TiO2 agglomerations (Fig. S6). 
Nonetheless, the partially covered carbon surface might be more 
favorable for the deposition of Pt particles, which would eventually 
promote the diffusion of the reactants to its surface. The only exception 
was the sample CNT-TiO2-450, where MWCNTs could not be found by 
SEM. This could be explained by the very low carbon content obtained 
from the TPO results. For this sample, HAADF-STEM technique allowed 
us to identify the presence of nanotubes formed by TiO2 nanoparticles 
(Fig. 2b). These nanotubes are believed to be formed by the combustion 
of MWCNTs that were coated by TiO2 nanoparticles, where the MWCNTs 
act as a hard-template for this structure. Similar structures were also 
found in the sample gCNT-TiO2-450, but it was less common since most 
of the MWCNTs remained in the sample after the calcination step 
(Fig. S7). 

The high resolution XPS spectrum of the C 1s was studied to inves-
tigate the chemical properties of the carbon present in the prepared 
nanocomposites. It must be pointed out that the carbon analysis by XPS 
is difficult due to the so called adventitious carbon layers, which is 
commonly used as a binding energy (BE) reference in X-ray photoelec-
tron spectroscopy studies. We can observe that the signal of the bare 
TiO2 can be deconvoluted into the following contributions: 284.8 eV, 
286.3 eV, 287.8 eV and 288.8 eV. These binding energies correspond to 
the C-C, C-OH, C––O and HO-C––O groups, respectively [32,33]. As we 
can observe in Fig. 3 and table S1, these peaks are present in all the 
samples, indicating the existence of the previously mentioned 

adventitious carbon layer. However, we can reach two interesting con-
clusions of this analysis. The first one is that a similar C 1s signal is 
obtained in all the cases, suggesting a relatively low contribution from 
the MWCNTs, which can be an indication that the MWCNTs are 
well-covered by the TiO2 particles. In fact, previous studies indicate that 
these raw MWCNTs display a single peak at 284.5 eV, which is the main 
contribution that increases in the MWCNTs containing samples [34]. 
The second deduction is that an additional weak peak at 283.7 eV is 
observed in the samples with higher carbon contents (CNT-TiO2-350, 
gCNT-TiO2-350 and gCNT-TiO2-450). According to Bellamkonda et al., 
this peak can be attributed to the strong chemical coupling C-Ti [35], 
which is formed by the hydrolysis of titanium alkoxides that are 
adsorbed on the surface of MWCNTs during the synthesis process. These 
results also indicate the good interaction between the MWCNTs and the 
TiO2 nanoparticles. 

The optical absorption properties of the samples were investigated 
using UV-Vis DRS spectroscopy. The reflectance spectra of all the sam-
ples are shown in Fig. 4a and we can conclude that all the samples 
exhibited an absorption edges at ca. 410 nm. Compared with the TiO2 
nanoparticles, the absorption edges of the MWCNTs-containing samples 
are almost the same, suggesting that the addition of MWCNTs did not 
modify the band structure of the titania. In fact, considering the band 
gap (Formula S1) obtained from the plot in Fig. 4b and listed in Table 1, 
the addition of a small amount of MWCNTs did not significantly modify 
this parameter. Nevertheless, the TiO2–CNTs composites exhibited a 
characteristic UV–Vis spectrum with a widened and virtually constant 
absorption that extends over almost the entire visible region, which can 
be ascribed to the absorption properties of MWCNTs. It has been pre-
viously reported that carbon materials are capable of absorbing light 
over a wide continuous range of wavelengths in the visible region [36, 
37]. The CNT-TiO2-350 and gCNT-TiO2-350 showed nearly the same 
ability of light absorption in the visible range, while gCNT-TiO2-450 
displayed weaker visible light absorption capabilities. Interestingly, 
CNT-TiO2-450 showed a similar reflectance profile to the raw titania 
materials, although the reflectance from 410 to 700 nm was 80%. This 
suggests the presence of a small amount of MWCNTs, as inferred from 
the color of the sample, even though it was below the detection limit of 
our MS. Therefore, the correlation between the carbon content and the 
absorption properties of the samples at the visible range is clear [38]. 

Steady state photoluminescence technique is widely used in the 
literature to rationalize the photocatalytic results. It is commonly 

Fig. 2. (a) SEM images of CNT-TiO2-350/450 and gCNT-TiO2-350/450 under the same magnification and (b) HAADF-STEM images of CNT-TiO2-450.  
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Fig. 3. High resolution C 1s XPS spectra of TiO2, CNT-TiO2 and gCNT-TiO2 calcined at 350 and 450 ◦C.  

Fig. 4. (a) UV-Vis diffuse reflectance spectra and (b) band gap energy of TiO2, CNT-TiO2 and gCNT-TiO2 calcined at 350 and 450 ◦C.  
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accepted that high PL signals are consequence of a fast hole/electron 
recombination rate, which reduces the efficiency of the photocatalyst in 
utilizing the energy of the photons from the light source to carry out a 
chemical reaction. Despite its importance, it is surprising that numerous 
papers show notable errors in their interpretation, and even more 
worrying, the spectra were recorded using inappropriate conditions. It is 
worth to mention the excellent work conducted by Professor Jeanne L. 
McHale and her group in this field, who pointed out this problem in the 
literature in an inspiring work published in 2013 [39]. This work clearly 
shows the difficulties of using conventional fluorimeters to record the 
titania photoluminescence spectrum. Conventionally, the PL acquisition 
is carried out using commercial PL spectrometer at room temperature 
and in air. However, under these conditions, the PL emission of titania is 
quite weak mainly due to the strong efficiency of the molecular oxygen 
in scavenging photo-excited electrons. As a result, the recorded spectra 
are often not the PL of the titania and may be misinterpreted due to the 
weak scattering of the Xe lamp emission passed by the excitation 
monochromator. The signal can be improved by removing the oxygen 
and eventually reducing the temperature of the sample. For this reason, 
all the results included in this work were performed under vacuum at 
− 196 ºC. Fig. 5 shows that all the spectra have an apparent wide peak 
center between 530 and 575 nm. Accordingly, consistent with the 
literature, the fluorescence emission from anatase nanoparticles can be 
regarded as the result of the overlapping of two peaks in the green and 
red regions of the spectra. The first peak can be assigned to the recom-
bination of photo-excited electrons with trapped holes, while the second 
is related to the recombination of trapped electrons with valence band 
holes [40]. The green emission peak can be directly related with the 
oxygen vacancies in our sample. We can observe that the position of the 
highest intensity shifts to lower wavelengths after calcining the samples 
at 450 ºC, which can be attributed to a higher content of oxygen va-
cancies even though the fact that the calcination treatment should 
reduce the amount of oxygen vacancies. Another plausible explanation 
is that the amount of electron traps responsible for the red emission has 
decreased after the calcination at high temperature. In the case of 
titania, electron traps are mainly associated to Ti3+-OH on the surface of 
the sample [41]. If we consider that the calcination treatment at 450 ºC 
dramatically decreases the specific surface of the samples, it is logical to 
assume that these groups have been partially removed and that the 
emission at higher wavelengths will be attenuated. This would provoke 
the observed peak shift to higher energy. Interestingly, the sample with 
highly ordered MWCNTs has the maximum of the peak at the lowest 
wavelength and the contribution of the high wavelength emission is 
lower. It is commonly accepted that low fluorescence intensity leads to 
worse recombination efficiency of electron-hole pairs, which benefits 
the photocatalytic activity. However, it should be noted that, according 
to our UV-Vis absorption results, the samples with MWCNTs can absorb 
a wide range of the visible light. Therefore, it is reasonable to assume 

that an undetermined fraction of the radiation emitted by the sample 
could be reabsorbed. However, considering that the absorption from 
450 nm up to 700 nm is almost constant, it can be inferred that this 
reabsorption would impact the intensity rather than the shape of the 
spectra. 

Photoreforming hydrogen production experiments were performed 
to evaluate the catalytic activity of all the materials. As shown in Fig. 6, 
the hydrogen production rate of all samples reached a maximum value 
after ca. 0.5 h and then kept stable. No obvious deactivation could be 
observed during the photocatalytic tests. We can observe that the sam-
ples calcined at low temperature exhibit higher activities. In fact, the 
catalytic performance of all the samples was negatively affected by 
calcination at 450 ºC, although being more significantly impacted in the 
case of the bare titania. This observation is traditionally ascribed to the 
increase in particle size, which grows from around 22–34 nm. However, 
despite the similar increase in particle size of all the samples after 
calcination at 450 ºC, the effect on the photocatalytic activity is less 
pronounced when MWCNTs are used and negligible in the case of highly 
ordered CNTs-TiO2 composites. CNT-TiO2-350 and gCNT-TiO2-350 
samples showed closer hydrogen production activities and they have 
similar amounts of MWCNTs. Fig. S8 displays the differences of micro-
structure between CNT and gCNT raw materials. Based on the compar-
ison of the samples calcined at 350 ºC, it appears that the MWCNT 
content is more influential than its nature. However, this microstructure 
is also responsible for the high stability of the gCNT when the sample is 
calcined at 450 ºC. As a result, the catalytic activity of the gCNT-TiO2 is 
not significantly affected by the calcination. In addition, it can be 
observed that the samples with lower activity also exhibited higher 
fluorescence emission in Fig. 5. In fact, the total fluorescence emission of 

Fig. 5. PL emission spectra of TiO2, CNT-TiO2 and gCNT-TiO2 calcined at (a) 350 ◦C and (b) 450 ◦C.  

Fig. 6. Photocatalytic hydrogen production rate of TiO2, CNT-TiO2 and gCNT- 
TiO2 calcined at 350 and 450 ◦C. 
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the samples, considering the full spectra, increases with an increase in 
the calcination temperature. 

In order to further explore the transfer path of photogenerated 
charges, the samples after the photocatalytic tests were collected and 
studied by HAADF-STEM. Since Pt2+ will be in situ reduced to Pt by 
photogenerated electrons on the catalyst surface during photocatalysis, 
the location of electron accumulation can be determined by the position 
of photodeposited Pt particles. As shown in Fig. 7, the MWCNTs in 
gCNT-TiO2-350 were partially covered by TiO2 particles, and a small 
fraction of Pt particles could be observed on TiO2. However, it can be 
seen from the high resolution image of selected region that many Pt 
nanoparticles could be found on the exposed surface of MWCNTs, 
indicating that most of the photogenerated electrons were transferred to 
the MWCNTs. This result depends on the observed area, in the areas 
without MWCNTs we can easily find Pt particles on titania nano-
particles, which is obvious because electrons can only migrate on the 
TiO2 surface without the presence of carbon tubes as electron acceptors. 
Similar phenomena could also be observed in other samples, except for 
the CNT-TiO2-450 (Fig. S9). Since most of the MWCNTs in CNT-TiO2- 
450 were burned off, Pt particles would be only deposited on the surface 
of TiO2 rather than on the surface of MWCNTs. The results obtained at 
350 ºC and 450 ºC show how the synthesis protocol strongly influences 
the catalytic performance and how difficult it is to unequivocally 
determine the beneficial effects of adding MWCNTs. If we consider the 
results of the samples calcined at 350 ºC, the improvement of adding 
MWCNTs is small, although this enhancement is significant when we 
analyze the data obtained after calcination at 450 ºC. On the other hand, 
to identify the location of photo-generated holes in this carbon-titania 
system, photo-oxidation experiments of Mn2+ were conducted. Ac-
cording to Li et al. [42], Mn2+ can be oxidized by the photo-generated 
holes and deposited as MnOx on the surface where the holes accumu-
late. Fig. S10 displays the Mn concentration (determined by ICP) in the 
solution at the end of these experiments. It can be observed that for pure 
carbon materials, most of the manganese still remained in solution after 
the reaction, indicating that these materials are not effective at oxidizing 
Mn2+. The loss of Mn could be attributed to physical or chemical 
adsorption on the surface of these carbon materials. In contrast, the 
titania-based hybrid materials containing CNTs or gCNTs were able to 
almost completely eliminate the manganese from the solution. STEM 
imaging and elemental mapping of CNT-TiO2-350 in Fig. 8 reveal that 
MnOx is distributed on the TiO2 surface rather than on the surface of 
CNT. In order to corroborate this, EDX spectra were obtained from two 
areas: one mainly consisting of TiO2 (orange square) and another con-
taining only a MWCNT region (green square). The results show that no 
Mn was found in the area associated with MWCNT, while a content of 
5.2% of Mn (Mn/(Mn+Ti)) was detected in the region where the titania 
nanoparticles are located. In addition, EELS experiments were 

performed on one TiO2 nanoparticle where the manganese was observed 
to determine the oxidation state of the manganese. The analysis of the 
white lines of Mn obtained by EELS (Fig. S11) clearly shows a similar 
shape and position to those obtained for a Mn2O3 reference sample. The 
O-K edge is slightly different from the Mn2O3 reference sample, but it is 
due to the fact that the analyzed area is a mixture of anatase and man-
ganese oxide, and therefore the oxygen signal has contributions from 
both phases. According to Gloter et al. [43], the O-K edges of anatase 
exhibit several peaks between 531 and 545 eV, which correspond to the 
additional peaks observed in Fig. S11. These results demonstrate that 
manganese is oxidized by the photo-generated holes in the titania, 
which is in agreement to the literature [44]. A similar distribution of 
Mn2O3 could be also observed in gCNT-TiO2-350 (Fig. S12), suggesting 
that photogenerated holes would mainly accumulate on the surface of 
TiO2 during the photocatalytic oxidation of Mn2+ using this 
carbon-titania system. The only difference with CNT-TiO2-350 is that in 
very few cases manganese was found on the MWCNTs, as it can be seen 
in Fig. S13. This shows the possibility, even for this hybrid material, of 
hole migration from the titania to the carbon material, which strongly 
depends on TiO2-carbon interface. According to our results, this syn-
thesis approach clearly promotes the migration of electrons to the car-
bon material. 

The above discussed results allow us to conclude that the enhance-
ment mechanism of this photocatalyst system in photoreforming 
hydrogen production could be understood following the reaction 
scheme illustrated in Fig. 9. For bare TiO2, when it is irradiated, the 
electrons will be excited to the conduction band (CB) and generate 
corresponding holes in the valence band (VB). Thus the electrons can be 
used to initiate reduction reaction and the holes can be used for oxida-
tion reaction. The presence of MWCNTs in the sample will allow the 
electrons transfer from TiO2 to the surface of MWCNTs due to the 
excellent electron mobility of MWCNTs. Therefore, as it was clearly 
demonstrated in the above discussion, at the first step of the reaction, 
the Pt2+ in the solution will be reduced by those electrons located in the 
MWCNTs and the Pt nanoparticles will be predominantly deposited on 
the surface of MWCNTs. Subsequently, the photogenerated electrons 
will be continuously transferred from TiO2 to the Pt through the 
MWCNTs and will be used in the reduction half-reaction of the photo- 
reforming process [45]. Meanwhile, the ethanol in solution will be 
oxidized to the corresponding oxidation product, which in this case was 
mainly acetaldehyde and acetic acid according to the HPLC analysis of 
the solution, by the holes that are probably located on TiO2 surface [46]. 
Therefore, the spatial separation of photogenerated electrons and holes 
will be achieved, thereby promoting the photocatalytic performance 
following the most common explanation in the literature: “electron in-
jection from the titania to the MWCNTs” [47]. 

3.2. 2DC-TNS system 

XRD patterns of TNS and 2DC-TNS are presented in Fig. 10a. All the 
samples showed the characteristic peaks of anatase TiO2 (JCPDS No. 
84–1285) at 25.3◦, 37.8◦, 48.1◦, 53.9◦, 55.1◦and 62.7◦, corresponding to 
(101), (004), (200), (105), (211) and (204) crystal family of planes, 
respectively. It is worth noting that, as has been previously reported 
[30], the bare TNS diffractogram shows that some reflections, such as 
those corresponding to (103), (004), (112) and (105), are considerably 
wider and smaller than expected. Moreover, the (200) reflection is very 
sharp and more intense than expected. This result is directly affected by 
the morphology of the TNS because the intensity of the (004) and (200) 
reflections can be related to the thickness and length of the nanosheets, 
respectively. Table 2 presents the particle size obtained using the indi-
cated diffraction peak and the LVol-IB approach of Topas 5.0. According 
to these results, the crystal size is around 3.5 times bigger when 
considering the (200) family of planes that generate the {001} facets. 
When comparing the diffractogram of the bare TNS with the one ob-
tained for the composite, we realize that the intensity of the peaks 

Fig. 7. HAADF-STEM image, corresponding element mapping and high 
magnification image of the selected area of gCNT-TiO2-350 after photo-
catalytic test. 

E. Bu et al.                                                                                                                                                                                                                                       



Catalysis Today 422 (2023) 114220

9

corresponding to (200) is slightly smaller, indicating a smaller size of the 
TNS along the <010> axis zone. The data included in Table 2 corrob-
orates that the thickness of the TNS decreases to 4.9 nm, while the 
length increases to 34.0 nm. HAADF-STEM images of this sample 
included in Figs. 10b and S14 clearly show that even though the pre-
dominant facet is the {001}, the morphology of the TNS supported on 
the exfoliated carbon has slightly changed. Specifically, we can observe 
that some of them are more rectangular and the edge are rounded. These 
images also show that frequently the {001} surface of the TNS is in good 
contact with the 2D carbon. It should be recalled that the main objective 
of this work was to evaluate the possibility of improving the hole 
migration from the titania to the carbon material. It has been previously 
demonstrated in the literature that after photoinduced charge separa-
tion, the holes mainly accumulate on the {001} surface of the TNS, while 
the electrons are predominantly located at the {101} [48,49]. Therefore, 
the main synthetic objective of this work has been accomplished thanks 
to the good contact between the carbon material and the hole-rich {001} 
surface of the TNS. 

From the nitrogen adsorption-desorption isotherms shown in 
Fig. 10c, both samples exhibited a type IV isotherm and a type H3 
hysteresis loop at high relative pressure, indicating the existence of 
mesopores. Besides, the BET specific surface area of TNS was calculated 
as 93 m2/g and increased to 112 m2/g when combined with carbon 

material. The BET surface area of the raw expanded carbon was only 
30.0 m2/g and therefore it was not expected that the BET of the com-
posite material would increase. This result confirms that the presence of 
the expanded carbon in the synthesis media induces a slight modifica-
tion of the morphology. Fig. 10d displays the 44 m/z signal of O2-TPO 
experiments carried out with TNS and 2DC-TNS catalysts. We can 
observe that the bare TNS doesn’t have any relevant CO2 release. On the 
other hand, the 2DC-TNS composite exhibits a broad peak from 220◦ to 
475 ◦C, which is not observed in the case of the bare TNS and the 
exfoliated carbon (Fig. S15). Additionally, the main peak observed at ca. 
800 ◦C can be attributed to the combustion of the exfoliated carbon. 
Unlike when MWCNTs are used, the maximum of the peak is similar to 
that observed for the raw exfoliated carbon. However, it is noteworthy 
that the combustion starts at a much lower temperature in the composite 
material, probably due to the fact that the TNS acts as a catalyst during 
the oxidation of the carbon material. 

XPS analysis was performed on both catalysts and the summary of 
the quantitative analysis is included in Table S1. We can observe that the 
fluorine content of both samples is very similar and therefore it is not 
expected that the photocatalytic performance will be significantly 
modified by this parameter. The XPS C 1s spectra obtained for TNS and 
2DC-TNS are shown in Fig. 11. It is noticeable that the TNS also shows a 
considerable contribution of carbon on the surface due to the adventi-
tious carbon layers. This is similar to the MWCNTs based catalyst and 
then complicates the analysis. However, there is a relevant peak at 
283.7 eV, which we previously discussed, can be related to the strong 
chemical coupling C-Ti [35]. This is an indication that the interaction 
between carbon and the titania is stronger, probably due to the intimate 
interaction between the carbon material and the {001} surface of the 
TNS. Additionally, as this synthetic route avoids the calcination of the 
sample, the carbon content obtained by integrating the CO2 signal of the 
TPO was 0.9%, approximately four times higher than in the case of the 
MWCNT-TiO2 samples. 

As shown in Fig. 12a, TNS exhibited a typical anatase absorption 
curve with an absorption edges at ca. 410 nm. Besides, the band-gap was 
obtained by assuming an allowed indirect transition. Fig. 12b shows the 
Tauc’s plot for both samples, and the band gap values for the as- 
synthetized TNS and 2DC-TNS samples were determined to be 3.19 
and 3.16 eV, respectively. Those values are very similar and slightly 
smaller than the value reported in the literature for pure anatase 
(3.2 eV), which may be due to the presence of F in the samples [50]. The 
main difference between both absorption spectra relays on the absorp-
tion of the 2DC-TNS in the visible region, mainly thanks to the contri-
bution of the carbon material. Nevertheless, the formation of the hybrid 
catalyst only slightly reduced the calculated band gap. In addition, as 

Fig. 8. HAADF-STEM image, corresponding element mapping and EDX of selected regions of CNT-TiO2-350 after MnOx photodeposition.  

Fig. 9. The proposed mechanism for the photocatalytic improvement over 
MWCNT-TiO2 system. 
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shown in Fig. 13, both samples exhibited a PL peak at ca. 545 nm and the 
PL intensity of 2DC-TNS was much lower than that of TNS. All these 
results indicate that recombination rate of the photogenerated charge 

separation is smaller. Attending to the strong interaction of the carbon 
material with the {001} surface of the TNS, we can assume that this 
phenomenon can be ascribed to the hole migration from the titania to 
the carbon. 

The photocatalytic performance of TNS and 2DC-TNS is presented in  
Fig. 14. Both photocatalysts reached the maximum value of H2 rate in ca. 
0.5 h. The H2 production rate of TNS stabilized at ca. 8 mmol/h/g 
without deactivation, while the H2 rate of 2DC-TNS was up to ca. 
11.5 mmol/h/g. In contrast, the photocatalytic activity of the bare TNS 
and the composite is almost half that of the catalyst reported in the 
previous section. However, the improvement reached by incorporating 
the exfoliated carbon to the TNS is greater than that observed when 
adding the MWCNTs. Indeed, after 6 h of photocatalytic reaction, the 
total amount of hydrogen production over 2DC-TNS reached 
66.41 mmol/g, which was 1.4 times higher than that of TNS 
(47.8 mmol/g). Furthermore, the samples after photocatalytic reaction 
were collected and studied by HAADF-STEM technique. As shown in  
Fig. 15, the internal interaction between the TNS remained intact after 
the photocatalytic tests. Moreover, Pt nanoparticles were mainly 
observed at the edges of the TNS and only a few (15%) were found on the 
carbon surface. This provides clear evidence that the photo-excited 
electrons predominantly stayed in the TNS and only a small fraction of 
them migrated to the carbon during the reaction. Therefore, it can be 
concluded that the improvement of the photocatalytic activity cannot be 

Fig. 10. (a) XRD patterns, (b) STEM-HAADF image of 2DC-TNS, (c) N2 adsorption-desorption isotherms and (d) O2-TPO profiles of TNS and 2DC-TNS.  

Table 2 
The summarization of various characteristic parameters obtained from analysis of TNS and 2DC-TNS.   

X-Ray Analysis Light Absorption Nitrogen Adsorption Analysis TPO  

(004) (200) Band Gap SBET PV PS Carbon 

2θ nm 2θ nm eV m2/g cm3/g nm % 

TNS  37.84  8.2  48.05  27.3  3.19  93.0  0.33  6.8 - 
2DC-TNS  37.80  4.9  48.00  34.0  3.16  112.2  0.38  7.6 0.9  

Fig. 11. High resolution C 1s XPS spectra of TNS and 2DC-TNS.  
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ascribed to the assumption that carbonaceous materials can only act as 
electron acceptors and the electron migration of the 2DC should be 
considered [51]. This electron transfer may occur either from the 
valence band of the 2DC or activated by a sensitization mechanism [47]. 
It has to be mentioned that even pure 2DC is active in the photocatalytic 
hydrogen production (Fig. S16) under the same conditions, although its 
activity is very low compared to 2DC-TNS (about 0.4% of that of 
2DC-TNS). In addition, the sample after reaction was studied by 
HAADF-STEM and Pt was found deposited on the surface of 2DC 
(Fig. S17), indicating that 2DC can also act as electron donor. These 
results indicate that this carbon material can generate corresponding 
electron-hole pairs when illuminated, which is also consistent with what 

has been described in some literature [52,53]. In this case, the TNS 
sensitization by 2DC cannot be totally excluded. But considering its such 
low activity and the unfavorable photon shielding effect of 2DC on TNS, 
we could conclude that the sensitization is probably not the main 
mechanism for the electron transfer and the subsequent enhancement of 
the activity of 2DC-TNS. 

To further demonstrate this idea, MnOx photodeposition experiments 
were performed using 2DC-TNS and 2DC samples. Fig. S10 shows that 
the 2DC material is not able to photo-oxidize Mn2+, while the addition of 
TiO2 results in the elimination of almost all the manganese of the so-
lution. From Fig. 16, it can be observed that Mn2O3 is distributed not 
only on the surface of TNS, but also on the surface of carbon located 
relatively far from any TiO2 nanoparticle. Therefore, we can conclude 
that the photo-generated holes accumulate on both the {101} facets of 
TNS and the surface of 2DC. This interesting phenomenon is different 
from that observed in the MWCNT-TiO2 system and clearly shows that in 
this case, the carbon material acts as an anode where the oxidation half- 
reaction takes place. Thanks to the EELS (Fig. S11) collected in the 
manganese deposited on the 2DC, we can conclude that Mn2+ has been 
oxidized to Mn3+. 

Based on all the results described above, a plausible mechanism to 
understand the process of photoreforming hydrogen production over 
2DC-TNS should consider the hole migration from the titania to the 
carbon material. In other words, we can assume that electrons can also 
be transferred from the carbon material to the titania. As discussed in the 
introduction, in photocatalysis field, with a few number of exceptions 
such as the work published by Saha et al. [24], carbon materials are 
generally considered as electron acceptors and used to facilitate elec-
trons transport from one semiconductor to another or a co-catalyst such 
as Pt. In the case of the 2DC-TNS, we propose the following reaction 
mechanism, as illustrated in Fig. 17:  

1) Once the TNS is illuminated by the light source, the electrons and 
holes are generated and then migrate to the surface of TNS.  

2) As it was confirmed, the photogenerated electrons tend to migrate to 
the {101} facets, while the corresponding holes will accumulate on 
the {001} facets [48,49].  

3) Platinum nanoparticles are photo-deposited mainly on the electron- 
rich {101} facets. These Pt nanoparticles act as the active sites for the 
reduction half-reaction where the hydrogen is produced.  

4) Thanks to the good interface between the 2DC and the {101} facets 
of TNS, electrons of the carbon material move to the valence band of 
the TNS and effectively induces the hole migration from the TNS to 
the carbon.  

5) Therefore, the photooxidation of ethanol occurs on either the 
expanded carbon or the {001} facets of TNS that are not in contact 
with the carbon. It is obvious that the first one regenerates the 

Fig. 12. (a) UV-Vis diffuse reflectance spectra and (b) band gap energy of TNS and 2DC-TNS.  

Fig. 13. PL emission spectra of TNS and 2DC-TNS.  

Fig. 14. Photocatalytic hydrogen production rate of TNS and 2DC-TNS.  
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electrons previously transferred from the carbon to the TNS, thus 
closing the redox cycle. 

It should be pointed out that, even though in the field of photo-
catalysis carbonaceous materials are only recognized as electron 
acceptor and carrier, we can find many examples of the use of carbo-
naceous materials as anode, where organic pollutants are directly 
oxidized into harmless substances. In a recent review, Jiang et al. 
highlights that the good conductivity, high specific surface area, and 
excellent adsorption capability are characteristic that makes the carbon 
an excellent candidate for anode in the anodic oxidation of organic 
pollutants [54]. In this sense, carbon materials will participate in the 
oxidation reaction, and may also facilitate the adsorption and activation 
of organic molecules. For example, Labiadh et al. found that a 
Boron-Doped Diamond (BDD) anode exhibited better activity that other 

noble metal based electrodes for the anodic removal of pollutants [55]. 
Therefore, the use of carbon materials as hole carriers is a viable option, 
and the unique properties of carbon materials would facilitate the 
adsorption of the organic molecules that are used as sacrificial reagents 
in the photoreforming reaction. 

A tentative band diagram is included in Fig. S18 based on the well- 
established band structure of anatase and the reduction potential of 
Mn3+/Mn2+ and Pt2+/Pt. Comparing these values with the information 
about the reaction allows us to qualitatively determine the relative po-
sitions of the HOMO of the carbon material and the TiO2. We should note 
that all the raw carbon materials are capable of photo-reducing Pt2+ as 
observed in Table S2, indicating that some electrons located in the 
carbon should be higher than the redox potential of this reduction re-
action. However, the Mn2+ was mainly not oxidized to Mn3+, indicating 
that the electrons in the HOMO level should be higher than this reaction. 

Fig. 15. Representative HAADF-STEM images of sample 2DC-TNS (a, c and d) and element mapping of image a (b) after photocatalytic test.  

Fig. 16. HAADF-STEM image and corresponding element mapping of 2DC-TNS after MnOx photodeposition.  
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On the other hand, manganese was fully oxidized in the presence of 
TiO2, indicating that the HOMO level is below the reduction potential of 
that reaction. Therefore, it is clear that electrons from either the HOMO 
level of the 2DC can move to the valence band of the titania, and the 
photo-excited electrons of the titania can be transferred to the carbon 
materials. 

4. Conclusions 

In summary, two types of carbon-titania hybrid photocatalyst sys-
tems were successfully prepared for photoreforming hydrogen produc-
tion. In both cases, the presence of carbon materials enhanced the 
photocatalytic performance and according to the PL results, the 
improvement can be related with the spatial charge separation. 
Regarding to MWCNT-TiO2 system, we found evidence that the spatial 
separation of charge carriers was achieved by the injection of photo- 
excited electrons from the titania to the MWCNTs, as supported by the 
observation of photodeposited Pt on the MWCNTs’ surface and the 
Mn2O3 on the TiO2. In contrast, the good interaction between the two- 
dimensional carbon and the {001} facets of TNS in 2DC-TNS system 
allowed for the migration of photogenerated holes from the TNS to the 
expanded carbon. Our results indicate that both charge carrier separa-
tion mechanisms are viable. If we consider the relative improvement on 
the photocatalytic performance, the promotion of the hole migration to 
the carbon material is a promising approach to improve the photo-
catalytic activity of titania. 
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