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Abstract 

The photoelectrocatalysis (PEC) technique was applied in CO2 reduction using different 

proportions of Cu, Pd, and Pt supported on graphene nanoribbons (GNR) and deposited 

on the surfaces of TiO2 nanotubes. Altogether, nine combinations of TiO2-NT/GNR-

metal were assembled, although only three of them efficiently promoted the generation 

of methanol and ethanol in high quantities. Comparison with the photocatalysis, 

photolysis, and electrocatalysis techniques showed the extremely high efficiency of PEC, 

which enabled production of methanol and ethanol at levels around 19.2-fold and 44.4-

fold higher, respectively, than photocatalysis, the second most efficient technique. The 

presence of metallic nanoparticles in the system facilitated CO2 reduction due to the 

trapping of the photogenerated electrons, prolonging their lifetime, lowering the reaction 

energy barrier for CO2 reduction, and provided active intermediates. Therefore, the 

assembly of these materials containing low amounts of metals is highly promising, since 

it can assist in alleviating environmental problems caused by CO2 emissions, while at the 

same time enabling the energetically efficient generation of compounds of commercial 

value. 

 

Keywords: Photoelectrocatalysis; photocatalysis; added-value products; methanol; 

ethanol. 
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Introduction 

The use of the fossil matrix as a source of energy is responsible for one of the 

fastest and most intense changes in human society in the history of the planet. 

Concomitantly, there has been a gradual but steady increase in the concentrations of gases 

that alter the energy balance of the terrestrial atmosphere [1–3]. Consequently, there is an 

increasing demand for sustainable energy sources and processes that cause low damage 

to the environment, especially considering the issue of global warming. There are many 

alternatives to the current problematic energy model. Among them can be highlighted the 

reuse of emitted anthropogenic carbon dioxide, which is the main contributor to the 

greenhouse effect and global warming [4–6].  

Therefore, reducing CO2 emissions into the atmosphere has become a critical issue 

and various solutions have been proposed in the literature [3,7]. Considering the 

economic aspects, the use of techniques mimicking the photosynthetic system appears to 

be a viable option. Among them, the photochemical and photoelectrochemical reduction 

of CO2 is a promising approach for the production of fuels, which could potentially reduce 

the dependence on fossil fuels and mitigate CO2 emissions to the atmosphere [6,8], with 

the generation of high added-value compounds.  

Photocatalytic and photoelectrocatalytic processes are based on photoexcitation 

by light without or with application of an external bias potential, respectively [9]. During 

the process, hole-electron pairs are photogenerated and separated at the 

semiconductor/electrolyte interface, which can be exploited in a multiple reaction leading 

to various products and water. The reduction of CO2 by photogenerated electrons in each 

of these paths to a specific product can be described as one of many competing reactions 

[10–13]. The overall reactions involve a series of intermediate steps, each with competing 

reactions, with progress depending on the metal catalyst, the electrolyte, and several other 

factors [14–16]. The photocatalyst plays an important role in 

photocatalysis/photoelectrocatalysis, with the selectivity of the products formed 

depending on parameters such as temperature, pressure, pH, applied potential, and the 

adsorption/desorption properties of the CO2 and intermediates on the semiconductor 

surface [17,18]. 

The use of the TiO2 semiconductor in the photocatalytic reduction of CO2 has 

attracted the attention of researchers, due to its photostability, non-toxicity, chemical 

stability, and low cost [2,7]. Modification of the TiO2 surface with metals, non-metals, 

and other semiconductors offers promising ways to improve electrode performance 
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[2,19–23]. Graphene derivatives such as graphene oxide, reduced graphene oxide, and 

their functionalized forms are attractive components for use in optoelectronic device 

fabrication, due to their unique optical, thermal, mechanical, and electrochemical 

properties [15,24–28]. In particular, the 2D carbon nanostructure has proven to be an 

excellent candidate for the extraction of solar energy and its chemical transformation to 

fuel by photocatalytic water splitting and CO2 conversion [29,30]. Among carbon 

nanostructures, graphene nanoribbons (GNRs) from multiwalled carbon nanotubes 

(MWCNTs) demonstrated remarkable enhancements in catalytic activity, due to their 

unique properties [31,32]. Generally, graphene has a two dimensional (2D) planar 

geometry with sp2 character (π electronic cloud), a single layer of carbon atoms with 

outstanding charge mobility, thermal conductivity, high surface area, and zero band gap 

energy [31,32]. Due to the high redox activity of crystalline defects in 2D carbon 

structures, the graphene hybridized light absorber antenna has been the subject of 

photoelectrochemical research [15,33].  

The photocatalytic activity of TiO2 with graphene oxide incorporated in its 

structure has been studied [34]. The photoelectrocatalytic reduction of CO2 at Cu-doped 

TiO2 supported on reduced graphene oxide resulted in the formation of methanol and 

formic acid, when CO2 was dissolved in aqueous 10% methyl diethanolamine (MDEA) 

solution [35]. Investigation of the photoelectrocatalytic performance of TiO2 nanotubes 

decorated with Pt NPs supported on rGO and deposited on a conductive Cu foam 

separated by a Nafion membrane found that CO2 was converted to formic acid, methanol, 

propionic acid, and other products [36]. Studies with graphene deposits on ZnO/rGO 

composite have also described the reduction of CO2 to methanol [37]. These 

investigations have indicated that the incorporation of rGO on the semiconductor surface 

can improve electron transfer from the semiconductor to the adsorbed CO2, as well as 

reduce the rate of recombination of the photogenerated electrons and holes. Several 

reports highlighted the combination of carbon nanomaterials with metallic nanomaterials 

to improve the CO2 catalytic properties while reducing the metal loading [38,39]. The 

synergistic effects derived from a combination of two or more elements may alter the 

electronic structure with d-band shift, surface defects and surface-lattice strain, 

differentiating the energy barrier required for CO2 activation as well as the binding 

energies to radical species [40].  

The specificity towards the products formed remains a challenge, with few 

catalysts being able to resolve this issue. However, there are some characteristic products 
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for the photoelectrocatalytic reduction of CO2 on the surfaces of different metals, such as 

carbon monoxide for platinum, formic acid and H2 for palladium, and hydrocarbons and 

other carbonaceous species for copper [41]. In this way, synthesizing materials with low 

amounts of these elements but maintaining the efficiency of the process is a challenge. 

The noble metal-based electrocatalysts remain the top priority in relevant industrial 

applications in despite of the scarcity and high cost [42].  

Hence, the use of these metals in different combinations, anchored on the surface 

of GNRs and deposited on TiO2 nanotubes, can provide photocatalytic reduction of CO2, 

with different products generated on the surface of each metal. This approach, taking 

advantage of the properties of GNRs, can increase and diversify the generation of 

compounds in this reaction. Therefore, the main objective of this work was to 

manufacture electrodes using different combinations of copper, palladium, and platinum 

anchored on GNRs, with these nanostructures being deposited on the surface of TiO2 

nanotubes. An experimental analysis obtained from these different combinations will be 

discussed in terms of the most efficient materials for CO2 photoconversion. The materials 

obtained were then used in the photoelectrocatalytic reduction of CO2.  

 

Methodology 

TiO2 nanotubes 

TiO2 nanotubular materials were prepared as described by Cardoso [43–48]. 

Titanium plates (Realum, 99%) were cut (6.6 cm2) and subjected to rigorous mechanical 

tinning using different grades of sandpaper. They were then submitted to ultrasonication 

in acetone, isopropanol, and deionized water, for 15 min each, followed by drying in an 

N2 atmosphere. The electrolyte used for the formation of the nanotubes consisted of 

glycerol:water solution (90%:10%) containing 0.25% NH4F. The plates were anodized in 

a sealed reactor with capacity of 200 mL, where the titanium plate (anode) was positioned 

1 cm away from a DeNora® DSA plate (cathode). A voltage of 30 V (2.0 V/minute) was 

applied to this system, maintained for 50 h. After this process, the plates were washed 

with deionized water, dried under N2, and subjected to calcination at a temperature of 450 

ºC for 2 h, with a heating ramp of 2 ºC min-1. 
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Preparation of GNRs 

The procedure described by Lima and Maia [31] was used to prepare the GNRs 

from MWCNTs (10 ± 1 nm o.d.  4.5 ± 0.5 nm i.d.  3-6 μm length, 6-8 nm tube walls; 

Aldrich). The physical aspects and surface characteristics of the GNRs can be found in a 

previous report [31]. 

Preparation of GNR-metal nanoparticles 

The depositions of metallic nanoparticles (Cu, Pt, and Pt) were performed as 

described by Boone and Maia [32]. Table S1 shows the masses and proportions of the 

compounds used for preparation of the samples. The syntheses were performed in sealed 

glassware, under an N2 atmosphere. Previously defined masses were solubilized in 25 mL 

of deionized water together with 24.4 mg of Pluronic F-127 surfactant (Sigma Aldrich), 

with ultrasonication for 40 min. The solution was then submitted to carefully controlled 

heating to 80 ºC. After reaching this temperature, 1.0 mL of ascorbic acid solution (0.0835 

mol L-1 for samples S01 and S03-S09, and 0.0417 mol L-1 for samples S02) was added, 

followed by agitation for 2 h. After this period, the samples were cooled to room 

temperature, centrifuged, and subjected to a continuous washing process to remove the 

surfactant. Finally, the materials were dried in an oven at 30 ºC and stored in sealed tubes 

kept in a desiccator. 

Deposition of GNR-metal nanoparticles on TiO2 nanotubes 

The deposition of the GNR-metal nanoparticles was performed by the drop 

coating technique, where each prepared material was dispersed in 2.0 mL of deionized 

water to obtain a load condition of 150 µg cm-2 and a concentration of 0.5 µg mL-1. After 

preparing this mixture, it was dispensed onto the surfaces of the TiO2 nanotubes and 

evaporated at room temperature. 

CO2 reduction 

The CO2 reduction experiments were carried out in a 200 mL stainless steel reactor 

(130 mL for solution and 70 mL headspace) (Fig. S1). A quartz glass (3 mm thickness 

and area of 35 cm2) was positioned at a distance of 5 mm from the bare and modified 

TiO2 nanotube samples. A 0.1 mol L-1 solution of sodium sulfate (pH 6.4) was initially 

saturated by bubbling CO2 gas (99.0%, White Martins) for 30 min, at a flow rate of 1.0 

mL min-1. This solution was then transferred to the reactor and left under 1.0 atm of CO2 
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gas pressure to maintain saturation of the system. Activation of the photocatalysts was 

performed using an Oriel solar simulator fitted with a 150 W Xe lamp. For the 

photocatalytic experiments, only the photocatalysts were employed in the system, while 

for photoelectroreduction, a constant potential was applied using a 

potentiostat/galvanostat (Model 128N, Autolab) with an Ag/AgCl (3.0 mol L-1 KCl) 

reference electrode and a DeNora DSA (8.0 cm2) counter electrode. Aliquots were 

removed at preestablished times and stored in sealed vials, under refrigeration, until 

analysis. All the experiments were performed in triplicate. 

Product identification 

The products formed after CO2 reduction were identified and quantified by gas 

chromatography with flame ionization detection (GC-FID), using a Shimadzu Model 

2010 instrument coupled to an automatic detector (CombPal). An RTX-1 column (30 m 

 0.32 mm, 0.30 µm) was used, with an isothermal temperature of 50 ºC and helium as 

the carrier gas at a constant flow rate of 1.9 mL min-1. The analyses were performed using 

the headspace extraction method for liquid samples. For this, a 2.0 mL aliquot of the 

sample was transferred to a sealed 10 mL vial, followed by heating to 76 ºC and keeping 

under incubation for 5 min, with agitation at 250 rpm (using cycles of agitation for 5 s 

and pause for 2 s). At the end of this heating, a 500 μL volume of the headspace gas was 

collected and injected into the chromatographic system, with an injector temperature of 

150 ºC and split condition of 5:0. All the analysis conditions are provided in Table S2. 

The limits of quantification were calculated, and the values were obtained: 14.62 µmol 

L-1 for methanol and 11.41 µmol L-1 for ethanol, while the detection limits were 4.82 

µmol L-1 for methanol and 3.76 µmol L-1 for ethanol. 

Characterization procedures 

The material characterization by transmission electron microscopy (TEM), 

scanning-TEM (STEM), and elemental identification using energy-dispersive X-ray 

spectroscopy (EDX) were carried out using a FEI TECNAI G² F20 HRTEM microscope 

at 200 kV. The samples were prepared from an ethanolic dispersion containing the 

catalyst film which were carefully removed from the titanium electrode plate. 

Subsequently, 3 µL of the dispersion was dripped onto a lacey carbon film (300-mesh) 

on a Cu TEM grid.  
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The catalyst surface chemistry characterization by X-ray photoelectron 

spectroscopy (XPS) was performed out using an Omicron surface analysis station coupled 

to a SPHERA hemispherical analyzer and a DAR 400 Al Kα x-ray source (hν = 1486.7 

eV). The binding energy scales were calibrated based on the C-C contribution of carbon 

1s peak at 284.8 eV. The quantification of Ti, C, N, O, Cu, Pd, and Pt was estimated from 

the relative peak area proportions considering the Scofield atomic sensitivity factors [49]. 

Field emission gun scanning electron microscopy (FEG-SEM), using a JEOL 

7500F microscope, was employed to analyze the morphologies of the tubular TiO2 

nanostructures with and without the presence of GNR-metal.  

Evaluation of the photoactivity of the electrodes and the photoelectrolysis 

employed an Autolab PGSTAT 128N potentiostat/galvanostat controlled with NOVA 

1.10 software. The photocurrent was measured by linear scanning voltammetry.  

An Agilent Cary 60 UV-Vis spectrophotometer was used to measure the diffuse 

reflectance spectra of the materials and to calculate the band gap of the catalyst. Tauc 

graphs were used to estimate the band gap energies of the materials. This method consists 

of extrapolating the linear portion of a plot of α(hʋ)1/γ as a function of hʋ (eV), where the 

intercept at α = 0 is the optical band gap (Ebg, in eV). In these expressions, α is the 

absorption coefficient, h is Planck’s constant (J s), ʋ is the frequency (s−1), and γ is the 

power coefficient, whose values can be 1/2, 3/2, 2, or 3, depending on the type of 

electronic transition: direct allowed, direct forbidden, indirect allowed, and indirect 

forbidden, respectively. The diffuse reflectance measurements were converted to 

equivalent absorption coefficients, using the Kubelka-Munk (K-M) method.  

Thermogravimetric analyses were carried out using a Shimadzu GA-50 

instrument, with samples (2-5 mg) placed in alumina crucibles and heated from 25 to 900 

ºC, at a rate of 10 ºC min-1, under a flow of synthetic air (5.0 FID, 50 mL min-1). 

 

Results and discussion 

The photoelectrocatalytic reduction of CO2 employing the nine combinations 

TiO2-NT/GNR-M was performed obtaining as products in higher quantity, methanol and 

ethanol. Table S3 shows the respective quantities for these initial analyzes. 

As noted, of all these combinations, only the catalysts, S01, S02 and S08 promoted 

the photoreduction of CO2 in values above of the limit of quantification defined by the 

identification method and, therefore, only these were submitted for the characterizations. 
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The conditions that influence CO2 reduction performance will be discussed in the 

subsequent topics. 

 

Characterization of photocatalysts 

STEM, TEM, and HR-TEM analyses 

Figure 1 shows the STEM and TEM images for the S01, S02 and S08 photocatalyst 

samples. The STEM image for the S01 catalyst shows the GNR/Cu nanocomposite very 

close to the TiO2 nanotubes (NT) and the presence of small Cu nanoparticles (~10 nm on 

average) widely dispersed on the GNR. TEM and HR-TEM images clearly show the high 

proximity between GNR/Cu nanocomposite and TiO2 structures. The images also reveal 

the presence of clear crystalline pattern of TiO2 NT and Cu nanoparticles (NP), e.g., the 

d-spacing with average values of 0.482, 0.342, and 0.207 nm; which are typically 

expected for planes (0 0 2) and (1 0 1) of anatase phase of TiO2 (JCPDS 21-1272); and (1 

1 1) of face-centered cubic (fcc) crystalline Cu systems (JCPDS 71-4610), respectively. 

In STEM image recorded for the S02 catalyst (c.f. Fig. 1) can be observed the presence 

of rough Pt-Pd-Cu nanoparticles with not well-defined shape and sizes of around 60 nm; 

which are dispersed on the GNR. The image also suggests the presence of agglomerates 

in some regions, these observations are in line with previous reports [32,50]. TEM and 

HR-TEM images for the S02 catalyst clearly show the GNR/Pt-Pd-Cu nanocomposite in 

contact with the TiO2 NT, as well as the crystalline features for both structures evinced 

by the d-spacing values of 0.342, 0.225, and 0.198 nm; which are expected for the planes 

(1 0 1) of anatase phase; and (1 1 1) and (1 0 0) of fcc crystalline Pd or Pt systems [50–

52], respectively. The STEM image for the S08 catalyst exhibits the presence of star-like 

shaped Pt-Pd-Cu NPs with sizes of around 30 nm which can be found in highly dispersed 

way on the GNR. Similarly to S02 sample, TEM and HR-TEM images for the S08 catalyst 

sample show the GNR/Pt-Pd-Cu nanocomposite close to the TiO2 NT, as well as the d-

spacing with values of 0.223, and 0.198 nm, which are related to planes (1 1 1) and (1 0 

0) of fcc crystalline Pd or Pt systems [50–52], respectively. The Elemental EDX-mapping 

images for the S08 catalyst (Figure S2) show that Pt, Pd, and Cu, are well distributed on 

the GNR, suggesting that the three metals are forming an alloy, which is in line with other 

previously reported results for Pt-Pd-Cu/GNR nanocomposite [32,50]. 
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Figure 1. Representative BF-STEM (first row), TEM (second row), and HR-TEM 

(third and four rows) images for the S01, S02, and S08 samples.  

 

FEG-SEM analysis 

Fig. 2A shows scanning electron microscopy (FEG-SEM) images of the S01, S02, 

S07, and S08 photocatalysts, chosen as representative materials and prepared as described 
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previously. There was a clear distribution of graphene nanoribbons across the surfaces of 

the TiO2 nanotubes, without total blockage of the semiconductor. Thin films are important 

to keep the TiO2 nanotubes easily photoexcited by light, initiating the generation of 

charge carriers and favoring the electronic transfer processes. Although the acquisition of 

the images using the secondary electron capture (SEI) mode did not enable identification 

of the metallic nanoparticles on the GNR with good resolution, this was improved by 

changing the image capture mode to the backscatter condition (BSE), as shown in Fig. 

2B. The results showed metallic nanoparticles present on the TiO2 nanotube surfaces, 

except for photocatalyst S07, which only showed the presence of GNRs. Sample S01 

showed nanoparticles with diameters of around 5-20 nm dispersed in several regions on 

the GNRs, while samples S02 and S08 showed agglomerates of nanoparticles around 30-

80 nm in size. These features corroborated the results of the scanning electron 

microscopy/energy dispersive X-ray spectrometry (SEM/EDX) assays (Fig. 2C), which 

showed the presence of all the elements used in the syntheses of the corresponding 

materials. 
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Figure 2. Scanning electron microscopy images of samples S01, S02, S08, and S07, using 

(A) secondary electron mode (SEI) and (B) backscattered electron mode (BSE). (C) 

Results of scanning electron microscopy/energy dispersive X-ray spectrometry 

(SEM/EDX) analyses of the materials. 

 

XPS analysis 

The XPS survey spectra for the S01, S02, S07, and S08 catalyst samples are shown in 

Figure S3. For all samples can observed the presence of peaks related to C 1s, O 1s, N 1s, 

and Ti 2p at around 283.9, 531.9, 399.9, and 457.9 eV, respectively (c.f. Table S4). The 

peak associated to the Cu 2p can be found at 933.9 eV for S01, S02, and S08 catalyst, 
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while the not well-visible peaks related to Pt 4f and Pd 3d at around 72.9 and 338.0 eV, 

respectively, can be found only for S02, and S08 samples. Table S4 lists the elemental 

quantification roughly estimated by XPS survey spectra. The Cu content in S01 was found 

to be 2.1 wt.%, while the content of Cu, Pt, and Pd in S02 and S08 catalysts were found 

to be relatively close to the EDX and TGA results, with values of Cu-0.4, Pt-1.1, and Pd-

0.55 wt.% for the S02 sample and Cu-0.4, Pt-0.7, and Pd-1.7 wt.% for S08 sample (c.f. 

Tables 1 and S4). The enrichment with a specific element may affect reaction mechanisms 

as well as the nature of the reaction products [53].  

Figures S4 shows the high resolution XPS (HR-XPS) spectra in the C 1s, O 1s, 

and N 1s regions for the S01, S02, S07, and S08 photocatalyst samples. In general, the 

HR-XPS spectra in the C 1s and N 1s exhibited similar features for all samples; which 

were deconvoluted into the peaks C−C (284.9 eV on average), C−H (284.6 eV), C−O 

(286.6 eV), C=O (~87.9 eV), and O−C=O (289.2 eV) for C groups; pyridinic-N (399.1 

eV), pyrrolic-N (400.2 eV), graphitic-N (401.1 eV), and oxidized-N (402.5 eV) for N 

groups. These results are in good agreement with previous reports [50,54–56] involving 

GNR (c.f. Table S5). The O 1s HR-XPS spectra were deconvoluted in three main peaks 

which are attributed to the groups TiO2 (530.8 eV), O−C/O=C (533.1 eV), and O−C=O 

(534.9 eV). The samples that contains Pd and Pt metals in their compositions were 

additionally deconvoluted into the peaks PdO (531.1 eV) and Pt(OH)2/PtO2 (531.7 eV) 

[50]. The percentage content for the deconvoluted groups can be found in Table S5 and 

are in good agreement with other previously published reports [50,54–56]. 

 In the HR-XPS spectra for Ti 2p region (Figure S5) can be found the presence of 

Ti 2p3/2 and Ti 2p3/2 peak couples, which were deconvoluted into three doublet peaks 

associated to the following groups: Ti2+ (455.1 and 462.5 eV), Ti3+ (457.0 and 463.1 eV), 

and TiO2 (460.0 and 465.7 eV). For all samples, the TiO2 state represented the highest 

percentage content with 86.1%; which was found to be in line with other previously 

reported results for TiO2 nanotubes [57,58] (c.f. Table S5). The Cu 2p spectra were 

deconvoluted into three peaks, attributed to the following groups: Cu2O (~933.4), CuO 

(~935.2 eV), and Cu(II) shake-up (~941.7 eV). Cu(0) state was not found likely due to 

the spontaneous oxidation of copper in ambient contained oxygen [59,60]. With regard 

to % content (c.f. Table S5), S02 sample exhibited the largest content of Cu2O (45.6 %) 

in comparison with S01 (24.9 %) and S08 samples (18.3 %). It is worth noting that the 

Cu(I) presence on the catalyst has been reported to impact positively the catalytic activity 
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on CO2 reduction reaction [26,61–63]. The Pt 4f XPS spectra were deconvoluted into 

three peak couples which can be ascribed to the spin-orbit split 4f7/2 and 4f5/2 peaks for 

Pt(0) (69.7 and 74.2 eV), PtO (71.7 and 75.6 eV), and PtO2 (73.5 and 76.7 eV) (c.f. Table 

S5) [50]. With regard to the percentage content, S02 catalyst sample exhibited 20.3% of 

Pt(0), 48.4% of PtO, and 31.3% of PtO2, while the S08 sample demonstrated the values 

of 18.9%, 24.2%, and 56.9% (Table S5) [50]. Finally, the XPS spectra in the Pd 3d region 

could be deconvoluted into three peak couples typically associated to the spin-orbit split 

3d5/2 and 3d3/2 peaks for the Pd(0) (333.6 and 340.6 eV), PdO (336.4 and 341.4 eV), and 

PdO2 (338.7 and 344.0 eV ) groups [50]. For the S02 catalyst sample, the percentage 

content of the Pd states were found to be as following: Pd(0) 20.4%, PdO 17.0%, and 

PdO2 62.6%. For the S08 catalyst, the content of Pd(0) was found to be 14.8%, PdO 

12.1%, and PdO2 73.1%. Although slight displacements (~0.5 eV) of the binding energy 

positions for the Pt and Pd groups to S02 in relation to S08 catalyst have been detected, 

the very low signal-to-noise ratio of the Pd 3d and Pt 4f spectra (which is due to the low 

content of these metals in the samples) precludes further conclusions in this direction. 

 

Thermogravimetric analysis 

Figure 3 shows the thermogravimetric curves obtained for the GNR and GNR-M 

samples. The presence of metals incorporated in the GNR structure lowered the 

temperature required for complete combustion of the material [32]. For S07, this occurred 

at approximately 592 ºC (curve A), while the corresponding temperatures were 510 ºC 

for S01 (curve B), 504 ºC for S02 (curve C), and 562 ºC for S08 (curve D). 

Quantification of the incorporated metals was performed by the combination of 

thermogravimetric and energy dispersive X-ray spectroscopy (EDX) analyses. The results 

(Table 1) revealed slight differences after deposition of the metals, relative to the initial 

values. This may have been due to metals that were poorly adsorbed on the surface of the 

GNR or had been removed in the washing process (post-synthesis). Table S6 details how 

these values were obtained. 
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Figure 3. Thermal decomposition behaviors of (A) S07, (B) S01, (C) S02, and (D) S08. 

 

Table 1. Experimental values (weight %) obtained for the elemental compositions of the 

S01, S02, S08, and S07 materials, based on the masses remaining unburned after the TG 

analyses (Figure 3) and the metals detected in the EDX analyses (Figure 2). 

Synthesized material 
Elements (weight %) 

C + O + N + H Pt Pd Cu 

S01 95.9 - - 4.1 

S02 97.5 1.2 0.6 0.7 

S08 96.7 0.6 2.1 0.6 

S07 98.3 [32]. Other = 1.7 [32] - - - 

 

 

UV-Vis analysis 

Figure 4 compares the UV-Vis absorption spectra obtained for the electrode 

samples synthesized. A slight increase in the UV absorption at 390 nm was observed for 

the electrode modified with GNR, compared to the bare TiO2 nanotube electrode. The 

incorporation of metals on the surfaces of the new materials resulted in significant 

increases of absorption at 390 nm, of 2.77x for S01, 2.89x for S02, and 2.74x for S08.  
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The estimated band gap values (Fig. S5) obtained from these spectra and the Kubelka-

Munk equation were 3.33 eV (TiO2-NT), 3.19 eV (S07), 3.10 eV (S01), 3.13 eV (S02), 

and 3.01 eV (S08). Hence, it was evident that the material could also be photoactivated 

in the visible spectral region, which could increase the efficiency of the 

photocatalytic/photoelectrocatalytic process. 

 

Figure 4. Absorption spectra as a function of wavelength by DRS analysis of (A) TiO2 

nanotubes, (B) S07, (C) S01, (D) S02, and (E) S08. 

 

Photoelectrochemistry  

Fig. 5 presents the linear scanning voltammograms for the different syntheses of 

GNR-M deposited on the surface of TiO2-NT. As expected, in the absence of 

illumination, no photocurrent was generated during the entire potential scan, for any of 

the materials evaluated (representative curve A). This could be explained by the fact that 

TiO2 is an n-type semiconductor and needs to be illuminated at a specific wavelength in 

order to generate electron/hole charge carriers [43,45,66]. However, when activation of 

the surface was initiated with light of higher energy than the band gap (3.33 eV), the 

charge carriers were formed instantly. When the potential value during the scan 

approaches the flat band potential (Efb for Ti/TiO2, under these conditions, is around  
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-0.35 V vs. Ag/AgCl), the phenomenon of band bending (valence and conduction bands) 

occurs, with the photogenerated holes being directed to the surface of the material, while 

the trajectories of the electrons are forced towards the interior [9,45,66]. Hence, the curve 

for the TiO2 nanotubes (curve B) showed a higher photocurrent, compared to the other 

photocatalysts. When the GNRs were deposited on the surfaces of the nanotubes, the 

photogenerated current showed a drastic reduction of around 60.0%, while decreases of 

79.3%, 82.8%, and 88.2% were observed for S01, S02, and S08, respectively. This 

behavior could be explained by two factors: (i) Partial blockage of the surfaces of the 

TiO2 nanotubes by the GNRs, as shown in the SEM images (Fig. 2), resulted in a smaller 

amount of light available to activate TiO2, so there was lower generation of charge 

carriers. However, it should be noted that the increased absorption capacity of TiO2 when 

the GNRs were present was probably due to an internal filter effect of a few or multiple 

sheets of layered GNRs. In this case, the photocatalytic activity should not be increased, 

but rather be decreased, because the photons were not actually absorbed by TiO2 [15]; (ii) 

Most of the photogenerated electrons were trapped at the surfaces of the photocatalysts, 

attracted by the GNRs and the metallic nanoparticles, so fewer charges were forced to the 

counter electrode, causing a decrease of the photocurrent. This last explanation was 

coherent with the desired system for reduction of CO2 and corroborate the results obtained 

and which will be presented below. 
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Figure 5. Linear scanning voltammograms for the different electrodes: (A) S08 in the 

dark, (B) TiO2 nanotubes, (C) S07, (D) S01, (E) S02, and (F) S08. Conditions: ʋ = 10 mV 

s-1; 0.1 mol L-1 Na2SO4; pH 6.4; illumination using a 150 W xenon lamp. 

 

CO2 reduction 

The photoelectrocatalytic reduction of CO2 was firstly performed using 0.1 mol 

L-1 Na2SO4 solution (pH 6.4) saturated with CO2 for 30 min and pressurized at 1 atm to 

maintain saturation of the medium. The amounts of the main products formed from this 

reaction are shown in Fig. 6. 

 

Figure 6. Amounts of methanol (blue columns) and ethanol (red columns) generated by 

the photoelectrocatalytic process using the S01, S02, and S08 electrodes for 1 h, with bias 

potential of -0.7 V vs. Ag/AgCl, in 0.1 mol L-1 Na2SO4, at pH 6.4, under illumination 

from a 150 W xenon lamp.  

 

After 60 min of the experiments, it was possible to identify methanol and ethanol 

as the main products generated by the photoelectrochemical reduction of CO2 by applying 

-0.7 V vs. Ag/AgCl (3.0 mol L-1 KCl), using the S01, S02, and S08 materials illuminated 

by a 150 W Xe lamp. The depositions of different compositions of the metals Cu, Pd, and 

Pt on the GNRs were also evaluated using the same experimental protocol. The results 

are shown in Table S3. No product was identified in the absence of CO2 (data not shown). 

From these results, it was observed that for the materials S03 (TiO2-NT/GNR/Cu-

Pd), S04 (TiO2-NT/GNR/Cu-Pt), S05 (TiO2-NT/GNR/Pt) and S09 (TiO2-NT/GNR/Pt-
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Pd) methanol and ethanol were identified, but could not be quantified, since the 

concentrations were below the quantification limit of the chromatographic methodology. 

In the case of S06 (TiO2-NT/GNR/Pd), only ethanol could not be quantified. The S07 

sample (TiO2-NT/GNR) did not promote the formation of any alcohols. This showed that 

formation of the products could be attributed to the metals deposited on the graphene 

nanoribbons. In the photoelectrocatalytic system, the GNRs played a fundamental role as 

the main medium for the deposition of metallic nanoparticles, promoting better transport 

of electrons to the metals, which, in turn, were principally responsible for the process of 

CO2 reduction, while also minimizing the deleterious effects of charge recombination 

[41,67]. Competitive reactions by these electrons could lead to low performance of the 

materials, associated with the generation of species such as H2. The main mechanisms of 

the generation of products during CO2 reduction are represented by Equations 1-5. 

For the materials S01 (TiO2-NT/GNR/Cu), S08 (TiO2-NT/GNR/Cu/Pd-Pt), and 

S02 (TiO2-NT/GNR/Cu/Pd-Pt), methanol and ethanol were generated in large quantities. 

For S01, the generation of methanol was greatly favored by around 5.67x, compared to 

ethanol, while for S02 and S08, ethanol formation was around 1.23x and 1.22x higher, 

respectively, compared to methanol formation.  

Since the photocatalytic reactions for CO2 reduction involve the continuous 

transfer of protons, electrons, and carbon, the number and quantity of products formed 

depend on the transfer rates of these species and the type of material used in the reaction 

[68–71]. Previous studies reported in the literature describe the formation of some 

characteristic compounds generated from the reduction of CO2 in the presence of metallic 

co-catalysts, examples being CO for Pt, HCOOH and CO for Pd, and C1-C3 

hydrocarbons and other carbonaceous species for Cu [41]. A comparison of these 

materials revealed that the generation of methanol was greatly favored using S01, which 

contained a higher quantity of copper (Table 1). In contrast, use of the material with an 

approximately 2-fold higher content of platinum (S02) favored the formation of ethanol. 

The same behavior was observed when the material with an approximately 3.5-fold higher 

content of palladium was used (S08). For these last two cases, it should be highlighted 

that enrichment with platinum, relative to palladium, slightly favored hydrogenation 

reactions and the addition of 1 carbon atom to methanol. Hence, the high amounts of 

alcohol generated in this process could be attributed to effective electronic transfer to the 

metallic nanoparticles and the respective byproducts formed on their surfaces, with the 
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processes being favored by the aggregation of nanoparticles in clusters (samples S02 and 

S08). One of the possible pathways for the formation of methanol and ethanol occurs 

through catalytic hydrogenation processes involving six electrons and six protons (Eq. 4) 

and twelve electrons and nine water molecules (Eq. 5) throughout the reaction, 

respectively. This information is summarized in Figure 7.  

2H+ + 2 e- → H2(g)       Eq. (1) 

2H2O(l) + 4h+ → O2(g) + 4H+      Eq. (2) 

CO2(g) + e- → CO2
-      Eq. (3) 

CO2(g) + 6H+ + 6e- → CH3OH(l) + H2O(l)   Eq. (4) 

2CO2(g) + 9H2O(l) + 12e- → C2H5OH(l) + 12OH-  Eq. (5) 

 

 

Figure 7. Proposed scheme for the generation of products using the TiO2-NT/GNR-metal 

electrodes operated under UV-Vis irradiation. 

 

These results were corroborated by the photocurrent studies (Fig. 5), indicative of 

separation of the charge carriers and transfer of the photogenerated electrons mainly to 

the surfaces of the materials, attracted by the metallic nanoparticles [35,72]. The presence 

of the different metals in the clusters, which was confirmed by TEM, EDX and XPS 

results (c.f. Figs. 1, 2, S2-5), led to the formation of specific products on the 

corresponding surfaces, which were rapidly converted to alcohols, due to favoring of the 

electronic transition associated with the ideal combination within the cluster. This 
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combination suppressed H2 generation reactions and protected the copper nanoparticles 

against oxidation, enabling greater conversion to methanol and ethanol.  

Importantly, the need to minimize the prevalence of reactions leading to H2 

generation highlighted that the reduction of CO2 was not governed only by the potential 

applied to the modified electrodes, since Pt is well known as the best catalyst for 

electrochemical H2 production, even using a very low amount as the electrocatalyst [73].  

 

Influence of pH 

Evaluation was made of the influence of pH on the amounts of methanol and 

ethanol generated. For all the electrodes tested, pH 6.4 provided higher photoconversion 

efficiency for formation of both alcohols, compared to acid and alkaline media (Figure 

8). At pH 3.0, the S08 material provided around 1.06x and 1.39x higher methanol 

generation, compared to S02 and S01, respectively. For ethanol, S02 provided 2.01x and 

1.08x higher productivity, compared to S01 and S08. At this pH, the competitive reactions 

for the active sites of the catalyst were evidenced mainly by the high levels of H+ ions. 

Hence, the low performance could be attributed to the generation of H2 being favored 

over the reduction of CO2. At pH 9.0, S08 again showed slightly higher methanol 

generation, with a value 1.85x and 1.05x higher than obtained using S01 and S02, 

respectively. Ethanol generation was favored using S02, with a value 3.22x and 1.44x 

higher than obtained using S01 and S08, respectively. In this medium, the formation of 

carbonate ions was favored, decreasing the free CO2 available for the reaction. At the 

same time, the high pH would shift the composition of the copper particles to copper 

hydroxide, altering the photocatalytic properties and decreasing the process efficiency. 

The pH is extremely important in CO2 reduction processes, due to the need to 

suppress the hydrogen evolution reaction [72,74,75]. Pronounced effects on the behavior 

can occur due to changes of the residual functional groups present on the GNRs, such as 

carboxyl [15,31,50,54,76], hydroxyl, carbonyl, and ether groups [31,50,54]. Protonation 

and deprotonation reactions of the groups at the edges of the GNRs, under different pH 

conditions, can be exploited to tune the electrostatic interactions. Deprotonation reactions 

are predominant when higher pH values are used, resulting in a negatively charged 

structure, due to several of the groups present at the edges of the GNRs. However, at 

lower pH values, the protonation of these groups results in considerable increases in Van 

der Waals or p-p bond type interactions between the GNR sheets, leading to lower 

availability of active sites for CO2 coordination [15,24,31–33,76,77]. The results showed 
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that the CO2 reduction became more favorable at pH 6.4, compared to the other 

conditions, due to less competition for the GNR active sites. The best performance for the 

generation of methanol was obtained using S01, which provided values 1.41x and 1.76x 

higher than obtained using S02 and S08, respectively. For ethanol, S02 was the most 

favorable material, with a value 5.04x and 1.34x higher than obtained with S01 and S08, 

respectively. Minimization of the competitive processes resulted in increased interaction 

of CO2 with the catalyst surface, consequently increasing the formation of the desired 

products. 

 

Figure 8. Amounts of methanol and ethanol generated in the photoelectrocatalytic 

processes performed using the S01, S02, and S08 electrodes for 1 h at pH 3.0 (white 

columns), pH 6.4 (red columns), and pH 9.0 (blue columns), with bias potential of -0.7 V 

vs. Ag/AgCl, in 0.1 mol L-1 Na2SO4, under illumination from a 150 W xenon lamp.  

 

Influence of bias potential 

 The effect of the bias potential (-0.7 V, +0.1 V, and +1.0 V vs. Ag/AgCl (3.0 mol 

L-1 KCl)) on the photoelectrocatalytic reduction of CO2 is shown in Figure 9.  

The application of a potential of -0.7 V was only favorable for the generation of 

methanol using the S01 electrode, with values 1.41x and 1.76x higher than obtained with 

the S02 and S08 electrodes, respectively. For the generation of ethanol, the S02 electrode 



22 
 

provided the best response, with a value 4.93x and 1.25x higher than achieved with the 

S01 and S08 electrodes, respectively. For Ebias of +0.1 V, the greatest formation of 

methanol and ethanol was found for the S08 electrode, which provided a value for 

methanol that was 1.42x and 1.80x higher than using S01 and S02, respectively, while 

the value for ethanol was 2.61x and 2.72x higher than obtained using the S01 and S02 

electrodes, respectively. The highest amounts of both alcohols were obtained when Ebias 

of +1.0 V was applied with the S02 electrode. This resulted in a methanol value that was 

2.25x and 1.89x higher than obtained with S01 and S08, respectively, while the value for 

ethanol was 3.81x and 2.28x higher than achieved with the S01 and S08 electrodes, 

respectively.  

These effects may have been related to some changes in the properties of the 

materials, such as the oxidation of copper nanoparticles that are among the main agents 

responsible for the generation of hydrocarbons and carbonaceous compounds. Another 

important factor is the attraction of electrons by metal nanoparticles. These two factors 

may contribute to the CO2 reduction process either individually or in combination. 

According to the linear voltammograms (Fig. 5), at positive potentials (+0.1 and +1.0 V), 

the photocurrents obtained were in the middle and stabilized on a plateau, respectively. 

When an external potential is applied, some carriers are forced to move or attempt to 

move through the depletion region and are scavenged to the surface, due to electrostatic 

forces exerted by the metallic particles [33,41]. In this situation, materials with a greater 

amount of metallic particles will promote more intense attraction in their direction, 

consequently increasing the possibility of reaction with the adsorbed CO2. This was 

evidenced by the performance shown by the S02 catalyst, although it should be noted that 

reactions leading to H2 generation might compete with CO2 reduction. Hence, materials 

able to promote higher generation of charge carriers (electrons), which are attracted more 

rapidly to the surface of the material, are more efficient in promoting the CO2 reduction 

reactions [15,24,33]. 
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Figure 9. Amounts of methanol and ethanol generated in the photoelectrocatalytic 

processes performed using the S01, S02, and, S08 electrodes for 1 h, at bias potentials of 

-0.7 V (white columns), +0.1 V (red columns), and +1.0 V (blue columns) vs. Ag/AgCl, 

in 0.1 mol L-1 Na2SO4, at pH 6.4, under illumination from a 150 W xenon lamp. 

 

CO2 reduction using different techniques  

A performance comparison for CO2 reduction was performed using the S01, S02, 

and S08 materials in photoelectrocatalysis (PEC: bias potential (1.0 V vs. Ag/AgCl (3.0 

mol L-1 KCl)) + photocatalyst + light), photocatalysis (PC: photocatalyst + light), 

photolysis (PT: only light), and electrocatalysis (EC: bias potential (1.0 V vs. Ag/AgCl 

(3.0 mol L-1 KCl)). The amounts of methanol and ethanol formed after 60 min are shown 

in Figure 10.  

In the PT experiments, no products were observed after 60 min, which could be 

explained by the inability of the energy of the radiation emitted by the photolysis lighting 

system to spontaneously convert CO2 into alcohols. For the EC process, the absence of 

products could be attributed to the need to activate the photocatalyst using a light energy 

greater than or equal to the band gap, in order to promote the generation of charge carriers 

responsible for reducing CO2. In the PEC process, higher values were obtained for 

methanol and ethanol generation, compared to the PC process, showing that the 
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application of potential in the photoelectrocatalytic system was effective in improving the 

performance of the system. The main explanation for this was the better use of 

photogenerated electrons and fast electronic transfer to the surface of the catalyst, favored 

by the band bending and minimization of charge recombination [15,24,67]. Furthermore, 

the assembly of the TiO2-NT/GNR-M system greatly favored the transfer of electrons to 

the surface of the catalyst, efficiently promoting reduction of the CO2 adsorbed on its 

surface. In this configuration, the effects of the metals together on the GNRs minimized 

the reactions leading to generation of H2, enabling the formation of both alcohols 

simultaneously and in large amounts, with faradic efficiencies calculated for methanol 

and ethanol, respectively around: S01 in 84.17% and 13.78%, for S02 in 59.66% and 

17.91% and S08 in 51.22% and 8.83%. 

The stability of each material was evaluated after 15 h of experiment. After this 

period, part of the catalyst deposited on the surface of the TiO2-NT was leached, leaving 

the nanotubes exposed. The monitoring was accompanied through the current transient 

analyzes, performing the preparation of a new TiO2-NT/GNR-M plate after a decay of 

the current of 20% of the original value. As a consequence, reductions in the amounts of 

methanol and ethanol formed were observed for longer times. This behavior could be 

explained by oxidation of the products by the holes and/or hydroxyl radicals generated at 

the surface without the GNR-metal.  

 

Figure 10. Amounts of methanol and ethanol generated using the S01, S02, and S08 

electrodes for 1 h in the photoelectrocatalysis (blue columns) and photocatalysis (red 
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columns) techniques, with bias potentials of 1.0 V vs. Ag/AgCl, in 0.1 mol L-1 Na2SO4, 

at pH 6.4, under illumination from a 150 W xenon lamp. 

 

Conclusions 

The assembly of TiO2-NT photocatalysts containing graphene nanoribbons with 

the metals Cu, Pd, and Pt in different proportions proved to be very effective in promoting 

the photoelectrocatalytic reduction of CO2 to methanol and ethanol. Under optimized 

conditions, the S01, S02, and S08 materials were effective for this 

photoelectroconversion, especially when using smaller amounts of metals (2.5 wt.%, 3.8 

µg cm-2 of Cu, Pd, and Pt). This strategy enabled significant quantities of methanol and 

ethanol to be produced, due to better use of photogenerated electrons, minimization of 

charge recombination processes, and avoidance of reactions leading to H2 generation.  
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Figure captions  

Figure 1. Representative BF-STEM (first row), TEM (second row), and HR-TEM 

(third and four rows) images for the S01, S02, and S08 samples.  

Figure 2. Scanning electron microscopy images of samples S01, S02, S08, and S07, using 

(A) secondary electron mode (SEI) and (B) backscattered electron mode (BSE). (C) 

Results of scanning electron microscopy/energy dispersive X-ray spectrometry 

(SEM/EDX) analyses of the materials. 

Figure 3. Thermal decomposition behaviors of (A) S07, (B) S01, (C) S02, and (D) S08. 

Figure 4. Absorption spectra as a function of wavelength by DRS analysis of (A) TiO2 

nanotubes, (B) S07, (C) S01, (D) S02, and (E) S08. 

Figure 5. Linear scanning voltammograms for the different electrodes: (A) S08 in the 

dark, (B) TiO2 nanotubes, (C) S07, (D) S01, (E) S02, and (F) S08. Conditions: ʋ = 10 mV 

s-1; 0.1 mol L-1 Na2SO4; pH 6.4; illumination using a 150 W xenon lamp. 

Figure 6. Amounts of methanol (blue columns) and ethanol (red columns) generated by 

the photoelectrocatalytic process using the S01, S02, and S08 electrodes for 1 h, with bias 

potential of -0.7 V vs. Ag/AgCl, in 0.1 mol L-1 Na2SO4, at pH 6.4, under illumination 

from a 150 W xenon lamp.  

Figure 7. Proposed scheme for the generation of products using the TiO2-NT/GNR-metal 

electrodes operated under UV-Vis irradiation. 

Figure 8. Amounts of methanol and ethanol generated in the photoelectrocatalytic 

processes performed using the S01, S02, and S08 electrodes for 1 h at pH 3.0 (white 

columns), pH 6.4 (red columns), and pH 9.0 (blue columns), with bias potential of -0.7 V 

vs. Ag/AgCl, in 0.1 mol L-1 Na2SO4, under illumination from a 150 W xenon lamp.  

Figure 9. Amounts of methanol and ethanol generated in the photoelectrocatalytic 

processes performed using the S01, S02, and, S08 electrodes for 1 h, at bias potentials of 

-0.7 V (white columns), +0.1 V (red columns), and +1.0 V (blue columns) vs. Ag/AgCl, 

in 0.1 mol L-1 Na2SO4, at pH 6.4, under illumination from a 150 W xenon lamp. 

Figure 10. Amounts of methanol and ethanol generated using the S01, S02, and S08 

electrodes for 1 h in the photoelectrocatalysis (blue columns) and photocatalysis (red 

columns) techniques, with bias potentials of 1.0 V vs. Ag/AgCl, in 0.1 mol L-1 Na2SO4, 

at pH 6.4, under illumination from a 150 W xenon lamp. 
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Table caption  

 

Table 1. Experimental values (weight %) obtained for the elemental compositions of the 

S01, S02, S08, and S07 materials, based on the masses remaining unburned after the TG 

analyses (Figure 3) and the metals detected in the EDX analyses (Figure 2). 
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Supplementary Material captions 

 

Table S1. Graphene nanoribbon (GNR), salt, Pluronic F-127, and ascorbic acid masses. 

Table S2. Chromatographic conditions for analysis of methanol and ethanol. 

Table S3. Amounts of methanol and ethanol generated by photoelectrocatalytic CO2 

reduction using the TiO2-NT-GNR-M electrodes at -0.7 V vs. Ag/AgCl (3.0 mol L-1 KCl), 

in 0.1 mol L-1 Na2SO4, at pH 6.4, under illumination from a 150 W xenon lamp. The 

compounds were determined by gas chromatography with flame ionization detection. 

Figure S1. Photoreactor used in all the experiments. (A) 150 W xenon lamp; (B) quartz 

window; (C) working electrode; (D) reference electrode; (E) counter electrode; (F) 

septum; (G) manometer; (H) headspace; (I) supporting electrolyte; (J) magnetic bar.  

Reprinted from ref. [44] (with permission). 

Figure S2. Elemental EDX-mapping images for the S08 sample. 

Figure S3: XPS spectra for the S01, S02, S07, and S08 samples. 

Figure S4. HR-XPS spectra in the C 1s, O 1s, and N 1s regions for the S01, S02, S07, 

and S08 samples. 

Figure S5. HR-XPS spectra in the Ti 2p, Cu 2p, Pt 4f, and Pd 3d regions for the S01, 

S02, S07, and S08 samples. 

Table S4. Positions and percent contents of functional groups in the catalyst samples. 

Values obtained from high-resolution XPS spectra in Figures S4 and S5. 
 

Table S5. Peaks, positions, relative sensitivity factors (R.S.F.), and percent contents of 

functional groups in the catalyst samples. Values obtained from survey XPS spectra in 

Figure S3. 
 

Figure S6. Bandgap analysis by Tauch plot. 

Table S6. Detailing to obtain values of each metal from the scanning electron microscopy 

/ energy dispersive X-ray spectrometry technique. 

 

 




