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ABSTRACT 

Recently, blackening titanium dioxide has attracted attention as a promising catalyst for 

improving photoelectrochemical activity. It has been investigated for hydrogen 

production, and it is expected to have enhanced carbon dioxide conversion ability. In this 

study, a new generation of the titanium oxide catalysts referred to as the black titanium 

dioxide nanotube (BTNT) is tested to produce hydrogen from water splitting and carbon 

monoxide from carbon dioxide conversion. BTNT synthesis is optimized through 

electrochemical anodization and reduction in an ethylene glycol electrolyte. The 

synthesized material is also compared with the white titanium dioxide nanotube (TNT). 

The surface morphology, phase crystallinity, and oxidation states are confirmed by 

characterization using scanning electron microscopy (SEM), X-ray diffraction (XRD), and 

X-ray photoelectron spectroscopy (XPS). SEM shows a uniform nanotube structure with 

an average pore diameter of 65nm, while XRD indicated anatase crystallinity phase.  The 

photoelectrochemical performance is investigated using the BTNT as a photoanode and a 

platinum wire as a cathode, where hydrogen was detected online via a residual gas 

analyzer (RGA). The highest performance is achieved in acidic conditions as the 

maximum percentage based on the gas sample volume reached 5.15% at an average 

current density of 1.75 mA/cm2. BTNT is then tested in an electrochemical system to 

produce a mixture of CO/H2 with a gold cathode. A qualitative model is developed for 

product analysis based on Fourier-Transform Infrared Spectroscopy (FTIR) and RGA for 

CO and H2 detection, respectively. BTNT, compared to Pt, requires higher voltages to 

reach the same current densities and generate an equivalent amount of the product. The 
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final part of this work covers a detailed sustainability analysis of our developed system 

compared to other electrochemical and conventional CO/H2 production routes. This 

analysis shows that the developed system needs to achieve higher CO2 conversion to lower 

the CO2 emissions and operating cost. Comparison with conventional routes showed that 

the electrochemical path needs further technological advancements that facilitates 

significant increase in energy efficiency such as lowering the overpotential, combined 

with substantial decrease in the renewable electricity price that could be achieved as well 

by new policies that provides incentives for this technology to be economically viable.  
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1. INTRODUCTION 

In 2020, the global CO2 emissions witnessed a decline of 5.8% due to the covid-

19 pandemic, however the emissions from global energy-related activities sustained its 

level at 31.5 Gt (IEA, 2021a). This resulted in a record-high increase of 50% in the average 

annual concentration of atmospheric CO2 compared to the industrial revolution’s 

emissions level (IEA, 2021a). Furthermore, global CO2 emissions is expected to bounce 

back by 4.8% by the end of 2021 as the normal life is resumed (IEA, 2021a). Carbon 

dioxide (CO2) accounts for 65% of all greenhouse gas emissions, according to data 

reported by The Intergovernmental Panel on Climate Change (IPCC) (Ottmar et al., 2014). 

Substantial amounts of CO2 are emitted from large industries such as natural gas 

processing, power generation, and iron and steel manufacturing (Ola et al., 2015).  

To achieve the goal of lowering the global temperature by 2˚C in alignment with 

the Paris Agreement, IEA proposed a sustainable development scenario that requires 80% 

increase in the renewable energy capacity in all regions (IEA, 2021c). This scenario is 

complemented by nuclear energy and carbon capture and utilization technologies. These 

technologies will contribute to 15% of the reduction in cumulative CO2 emissions (IEA, 

2021b). Therefore, supporting this scenario encouraged extensive research activities for 

CO2 utilization with an expected potential of 5 Gt/year consumption of CO2 (Al Baroudi 

et al., 2021).  

The growing efforts for climate change mitigation led to the creation of the CO2 

value chain. CO2 can be used directly in enhanced oil recovery, stored in depleted oil and 

gas fields, or converted to feedstock and energy carriers. The CO2 conversion can be 
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achieved via different processes, including thermochemical (e.g., dry methane reforming), 

biological (e.g., algae for biofuels), electrochemical and photochemical processes (Jarvis 

& Samsatli, 2018).   

Electrochemical CO2 reduction has attracted attention due to the possibility of 

integration with a renewable source opening new venues for sustainable value-added 

products. Several advantages encourage the development of electrochemical CO2 

conversion, such as (a)  allowing intermittent energy storage in chemical bonds, (b) 

maintaining a balance in the electric grid load to avoid supply and demand mismatch (c) 

providing as a modular system that not only allows on-demand manufacturing,  but also 

practical and profitable system with limited capital investment, (d) possibility direct 

integration with the existing chemical infrastructure, (e) offsetting the costs of carbon 

capture while generating extra economic incentives, and (f) presents a highly tunable and 

environmentally benign process that operates under ambient conditions. 

Electrochemical conversion of CO2 gives a range of valuable products such as 

formic acid, carbon monoxide, methane, and alcohols (Hernández et al., 2017; Lee et al., 

2019; Nguyen et al., 2020). The selectivity of a specific product depends upon several 

factors like catalyst choice, number of electrons, operating pressure, feed composition, 

operating temperatures, etc. (Mustafa, Lougou, Shuai, Wang, & Tan, 2020; Nguyen et al., 

2020). Several recent literature reports have shown that carbon monoxide (CO) production 

via electrochemical conversion of CO2 has the highest potential for approaching 

commercialization's benchmark targets.. However, to produce CO, usually high voltages 

are required, which incites hydrogen (H2) evolution reaction from water splitting. This 
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product mixture, CO and H2, is known as synthesis gas (syngas), a versatile intermediate 

in the chemical industry. Syngas serves as a feedstock to many large-scale industries such 

as methanol production and synthetic fuels via the Fischer-Tropsch process (Abusrafa, 

Challiwala, Choudhury, Wilhite, & Elbashir, 2020; Abusrafa, Challiwala, Wilhite, & 

Elbashir, 2020; Alsuhaibani, Afzal, Challiwala, Elbashir, & El-Halwagi, 2020; 

Challiwala, Wilhite, Ghouri, & Elbashir, 2018; Hernández et al., 2017).  

The sustainable production of syngas is relevant to four key markets natural gas 

monetization, transportation, energy storage, and petrochemicals. Such an opportunity is 

particularly of interest, where syngas infrastructure already exists. For example, the state 

of Qatar, which has the world's largest gas to liquid (GTL) plant and also the highest CO2  

in the world on a per capita basis, can integrate electrochemical CO2 conversion with the 

existing facilities to reduce its CO2 footprint (IEA, 2018). Currently, syngas is primarily 

produced from methane reforming via steam reforming or other technologies such as 

partial oxidation and auto-thermal reforming, all of which are energy-intensive processes 

(Pardal et al., 2017).  

A typical electrochemical CO2 conversion unit requires a cathode, an anode, an 

electrolyte, and a membrane separating the two electrodes. The membrane is used to 

prevent reoxidation of the products formed at the cathode, to facilitate separation of the 

gaseous products formed at the anode and cathode, and allow the use of different 

electrolytes in the cathode/anode compartments (Ramdin et al., 2019). CO2 reduction 

happens at cathode surface, while oxidation reaction takes place at the anode. In producing 

syngas via electrochemical conversion, carbon monoxide from CO2 reduction and 
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hydrogen evolution from water are complementary, and both take place at cathode surface.  

The most selective metal cathode materials for carbon monoxide production are silver and 

gold (Hernández et al., 2017). Gold electrocatalysts can achieve high current densities at 

lower overpotentials as compared with silver. In a study by Verma et al., a gold catalyst 

was shown to achieve 99 mA/cm2 with an energy efficiency of 64% (Sumit Verma et al., 

2018). Higher current densities were reached in systems using silver electrodes, 

consequently requiring higher overpotentials, which results in lower energy conversion 

efficiency (45 to 50%) (Dufek, Lister, Stone, & McIlwain, 2012; Ma et al., 2016).  

Many studies in electrochemical CO2 reduction are directed towards the 

development of cathode materials. However, a recent study shows that the cathode 

material is not the bottleneck of CO2 electrolyzer feasibility. Electrolyzer's cost 

breakdown indicates that 61.2% against 3.7% goes to the anode vs. cathode 

electrocatalysts (Masel et al., 2021). That is because the limiting reaction is the oxygen 

evolution taking place at the anode surface, which requires higher voltage and four 

electrons to give one oxygen molecule (Z. Sun et al., 2017). Regarding operating cost, the 

main contributor is electricity from the renewable source (Adnan et al., 2020). Therefore, 

photoelectrochemical routes may reduce electricity costs by directly utilizing sunlight 

while being more efficient than the photochemical process. The main challenge for 

efficient photoelectrochemical CO2 reduction systems is to find an appropriate 

semiconductor material acting as a highly active photoelectrode. Among the various kinds 

of developed semiconductor candidates, titanium dioxide (TiO2), with a combination of 

desirable properties including good chemical stability, nontoxicity, low cost, and most 
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importantly, suitable band energy levels for the desired water splitting and CO2 reduction 

reactions, is an ideal model of semiconductor photoelectrode to investigate (Ma et al., 

2014).  Using TiO2 as a photoanode with electrocatalysts such as Cu2O can achieve high 

selectivity to carbonaceous products with low bias (Chang et al., 2016).  

In considering the electrochemical syngas production process, two pathways can 

be identified direct syngas production in a single step and dual step process. In dual step 

process, CO and H2 are produced independently then mixed to the targeted ratio. An 

emerging aspect is the efficacy comparison between the mentioned two processes. Jouny 

et al. suggested that the dual-step process of syngas production is more economically 

favorable because higher selectivity reduces the total electricity needed (Jouny, Luc, & 

Jiao, 2018). Another techno-economic study that defines performance parameters' values 

to attain profitability compared direct and dual-step processes based on the relationship 

between the syngas ratio and the maximum operating voltage for economic feasibility (S 

Verma, Kim, Jhong, Ma, & Kenis, 2016). Their results suggest that the operating voltage 

needs to be below 2.25V for the syngas ratio (1:1) to be profitable compared to 3.5V for 

only carbon monoxide production. In other words, direct syngas production can be 

profitable under certain conditions. Speaking of the technical feasibility of achieving 

different syngas ratios from single-step production, a study by Dioxide Materials and 3M 

companies investigated routes for tuning the syngas ratio between 1 and 4, including pH 

controlling or using a bimetallic cathode material, i.e., silver/nickel (Liu et al., 2016).  

This research discusses two elements, (a) the experiments for exploring black 

titanium dioxide and its application in water splitting and carbon dioxide conversion; (b) 
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the scalability of the developed syngas electrochemical production based on economic and 

environmental analysis. Therefore, in the next section, relevant literature review about 

electrochemistry principles, developments in anode materials, and process sustainability 

are detailed. 
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2. LITERATURE REVIEW 

2.1. Electrochemistry Background 

Electrocatalysis is the catalysis branch, which involves oxidation/reduction reactions 

occurring at the electrode-electrolyte interface (Léger et al., 2007). The process requires 

an electrocatalyst to lower the reaction overpotential (similar to the activation energy 

barrier in conventional catalysis) (Léger et al., 2007). Electrocatalysis requires two 

electrodes: the cathode where the reduction reaction occurs, i.e., the process of gaining 

electrons, and the anode where the oxidation reaction occurs, i.e., the process of losing 

electrons (Skoog et al., 2018). Photocatalysis can be considered a branch of 

electrocatalysis since it also involves oxidation/reduction reactions, but both happen at the 

photocatalyst's surface (R. Li et al., 2017). Photochemical reactions are driven by light 

absorption, which creates electron/hole pairs to perform the reduction/oxidation reactions, 

respectively (R. Li et al., 2017). Photosynthesis is an example of a photocatalytic process 

where the plants can convert carbon dioxide and water to valuable products using sunlight. 

However, as photocatalytic processes are slow with low conversion efficiencies limited 

by light absorption, a combination of photo- and electrochemical pathways emerged as 

photoelectrochemical processes. A photoelectrochemical process is where a photocatalyst 

is used as an anode or cathode in an electrochemical cell. This section will review some 

electrochemistry fundamentals followed by a discussion of carbon dioxide reduction and 

water splitting as examples of electrochemical and photoelectrochemical processes.  

 An electrochemical cell is used to test electrocatalysts for the conversion of 

electricity to chemical energy. Cell potential (Ecell) is the difference in potential between 
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the two half-reactions, i.e., oxidation and reduction, that give the complete reaction(Skoog 

et al., 2018). It is related to the change in free energy through the following equation: 

∆𝐺 = −𝑛𝐹𝐸𝑐𝑒𝑙𝑙…...……………………… [2-1] 

F is the Faraday constant (96,485 coulombs per mole electron), and n is the number 

of moles of electrons associated with the oxidation/reduction process (Skoog et al., 2018). 

At equilibrium, ∆G˚ is related to the standard cell potential, E˚cell, which can be calculated 

via redox tables for half-reactions potentials at standard conditions (Skoog et al., 2018). 

In the energy applications, Table 1 presents the standard cell potential for selected 

reactions.  

Table 1: Equilibrium potentials for selected energy related reactions (Hori, 2008) 

Reaction E˚cell vs RHE (V) 

2H++2e- → H2 0 

CO2+ 2H+ +2e- → CO + H2O -0.11 

CO2 + 6H+ + 6e− → CH3OH + H2O 0.02 

2CO2 + 12H+ + 12e− → C2H5OH + 3H2O 0.08 

2H2O → O2 + 4H++4e- 1.23 

 

The values presented in this table are based on the thermodynamics of the reactions; 

however, the actual cell potential (Ecell) is higher due to the electron transfer to activate 

the reactants, mass transport limitations, surface conversions, or ohmic losses from 

electrode/electrolyte conductivity (Carmo et al., 2019). Thus, the term overpotential, η, 

which is defined as the difference between the equilibrium potential and experimentally 

observed potential:  
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𝜂 = 𝐸𝑐𝑒𝑙𝑙 − 𝐸°
𝑐𝑒𝑙𝑙…...……………………… [2-2] 

Electrochemical reactions are studied in a three-electrode system: working 

electrode, a counter electrode, reference electrode in an electrolyte connected to a 

potentiostat/galvanostat device as shown in Figure 1 (Skoog et al., 2018). The working 

electrode is the examined material where the reaction of interest occurs while the counter 

electrode is to complete the circuit. A reference electrode is an electrode with a known 

potential independent of the ions involved in the reaction and is necessary to measure the 

working electrode potential (Skoog et al., 2018).  

 
Figure 1: Electrochemical cell schematic 

An example of an electrochemical process is the reduction of carbon dioxide to 

carbon monoxide. A typical electrochemical CO2 conversion unit, as shown in Figure 2 

requires a cathode, an anode, an electrolyte, and a membrane separating the two electrodes. 

The membrane's function is to block the transfer of redox reactants/products and allow 

only ions' movement to close the circuit. The CO2 reduction takes place at the cathode 

surface, while the oxidation reaction occurs at the anode. Since the media is aqueous, H2 
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evolution will also happen at the cathode surface.  The reactions in the system are as 

follows: 

At the anode, H2O electrolysis takes place:  

2H2O → O2  +  4H+ + 4𝑒−…...……………………………. [2-3] 

At the cathode, two reactions take place: 

CO2 + 2H+ + 2𝑒− →  CO + H2O…...…………………….... [2-4] 

2H+ + 2𝑒− → H2…...……………………………………… [2-5] 

∴The overall reaction:  

CO2 + H2O →   CO + O2 + H2…...………………………... [2-6] 

The most demanding step is the activation energy required for the electron transfer to the 

CO2 molecule to form the radical CO2
.- as follows:  

CO2 + 𝑒− → 𝐶𝑂2
.− …...……………………………………. [2-7] 

This reaction has a Gibbs free energy (∆G˚) of 183.32 kJ/mol compared to 19.9 kJ/mol for 

CO in reaction [2-6]. 

 
Figure 2: Components of a two compartments electrochemical cell 
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A photoelectrochemical cell is also a three-electrode system, typically a one 

compartment cell as shown in Figure 1, where the working electrode is a semiconductor. 

The difference is that a solar simulator is used to irradiate the semiconductor while it is 

connected to the potentiostat. The photoelectrochemical water splitting to produce H2 and 

oxygen, involves three main steps (Iqbal et al., 2018): 

1. Photoanode absorbs sunlight to generate electron-hole pairs, 

2. Photo-induced holes at photoanode surface cause water oxidation, releasing 

oxygen, 

3. Photo-induced electrons travel through the external wire to the cathode, where the 

reduction reaction releases H2 gas  

The voltage supply is required for efficient electron/hole separation and accelerating the 

reaction kinetics (Joy et al., 2018). The reactions for water splitting are summarized below 

(Iqbal et al., 2018): 

The reactions at the photoanode: 

2ℎ𝑣 + 𝑠𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 → 2h+ + 2e−…...………….. [2-8] 

H2O +  2h+ →
1

2
O2 + 2H+…...……………………… [2-9] 

The reaction at the cathode: 

2H+ + 2e− → H2  …………………………………... [2-10] 

Net reaction: 

H2O → H2 +
1

2
O2 …………………………………… [2-11] 

Where, ‘ℎ’ stands for the Planck constant (6.626×10−34 J·s), ‘𝑣’ is the frequency of 

illuminated photons, ‘h+’ and ‘e−‘ are the holes and electrons photogenerated from the 
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semiconductor, respectively. For the photoanode to be activated by sunlight, it must have 

energy higher than the bandgap. The bandgap is the energy difference between the 

conduction and valence band (Tentu et al., 2017).  The energetic photons excite the 

valence band's electrons to jump to the conduction band leaving behind the holes (Ahmed 

et al., 2019). The electrons transport to the electrode/electrolyte interface from which they 

can flow to the cathode through the external wire (Ahmed et al., 2019).  Therefore, it can 

be concluded that the smaller the bandgap, the lower energy needed to activate 

electron/hole pairs.  

2.2. Photo-electrochemical Materials 

Photo-electrochemical materials are semiconductors that are used as 

photoelectrodes in a photoelectrochemical (light-assisted electrochemical) system. The 

photoelectrochemical performance depends on having appropriate bandgap and band 

edges, good optical properties, low recombination rates of photogenerated holes and 

electrons, good electrical conductivity, and sufficient stability (Ahmed et al., 2019; Ismail 

et al., 2014). Photoelectrodes include metal oxides, transition metal nitrides or sulfides, 

and carbon-based materials (Yao et al., 2018). The metal oxide, titanium dioxide (TiO2), 

is the most studied photocatalyst where researchers are trying to increase its activity and 

enhance the light absorption properties through bandgap engineering (Z. Zhang et al., 

2013). Zinc oxide (ZnO) is another metal oxide widely studied and has a similar bandgap 

to TiO2, limiting its light absorption. Carbon-based materials such as composites loaded 

with graphene oxide are recently studied because of the excellent electron mobility and 

large surface area, promoting the suppression of charge recombination(Joy et al., 2018).  
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2.2.1. Development in TiO2 and black TiO2 

Fujishima and Honda were the first to use titanium dioxide (TiO2) for water 

splitting (Fujishima et al., 1972). TiO2 has been extensively studied because it has several 

desired properties, including availability, ease of preparation and modification of 

electronic structure, high charge carriers mobility, high refractive index, good oxidizing 

ability besides long term stability, and low cost (de Brito et al., 2018; Naldoni et al., 2019; 

Tentu et al., 2017).  TiO2 has three types of crystal phases, tetragonal rutile, tetragonal 

anatase, and orthorhombic brookite (Ismail et al., 2014; White et al., 2015). The difference 

in crystal structure affects the electronic properties such as charge transfer and band energy 

levels (Shen et al., 2018). Anatase and rutile are the most studied phases for 

photoelectrochemical applications. Anatase is generally more active due to higher charge 

mobility and longer exciton diffusion length (Luttrell et al., 2014). 

However, TiO2 has two main challenges, the wide bandgap and the fast 

recombination reactions (X. Kang et al., 2019; Naldoni et al., 2019). The bandgap width 

limits the TiO2 optical absorption to the ultraviolet (UV) region, which is only 5% of the 

solar spectra (B. Wang et al., 2017). Enhancement of TiO2 performance can be via 

engineering the bandgap through different methods such as doping with metals (Ganesh 

et al., 2014), self-doping (Zhu et al., 2018), plasmonic enhancement (Z. Wang et al., 

2013a), or incorporation of charge separating scaffolds (Ahmed et al., 2019). 

Recombination reactions of photoinduced holes and electrons can be slowed down by 

modifying the nanostructure of TiO2 (Ismail et al., 2014). Materials with smaller particle 

sizes inhibit the recombination probability of photogenerated electrons and holes on their 
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surface, thereby facilitating their smooth transport (Ullattil et al., 2018). Moreover, 

nanoparticles possess a high surface area availing more active sites on the surface.  

Recent studies have focused on reducing TiO2 surface to fabricate black TiO2. This 

method of surface disordering leads to extended visible light absorption and efficient 

spatial separation of electron-hole pairs(Shen et al., 2018). The black coloration is related 

to the presence of Ti3+, which may occur due to oxygen vacancies following reduction 

(Ullattil et al., 2018). These oxygen vacancies contribute to enhancements in electrical 

conductivity and charge transportation(Q. Kang et al., 2013).  The conduction band 

minimum of the black TiO2 nanoparticles is thermodynamically and kinetically favorable 

for water and CO2 reduction (Ullattil et al., 2018). Wang et al. reduced titanium dioxide 

by aluminum at 500˚C and could boost photocatalytic H2 production 8.5 times higher than 

pristine TiO2  (Z. Wang et al., 2013b). Xu et al. used an electrochemical reduction 

approach for obtaining black TiO2 nanotubes, which showed enhanced photoactivity and 

a photocurrent density of 0.65 mA/cm2 at 0 V vs. Ag/AgCl (C. Xu et al., 2013). Jeong et 

al. used a two-step anodization process to obtain TiO2 nanotubes transplanted onto 

fluorine-doped SnO2 substrates. The prepared black TiO2 nanotubes could achieve an 

eight-fold higher photocurrent and accelerated oxygen evolution reaction (Jeong et al., 

2018). A combination of electrochemical reduction and nitrogen doping was attempted by 

Yu et al. and observed a decrease in the band gap from 3.2 eV to 2.0 eV (Yu et al., 2018). 

Reduced TiO2 nanotubes were also used for photocatalytic CO2 reduction by Gao et al. 

where they could produce CO at a rate of 185.39 μmol/g h (Gao et al., 2020).  
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In this study, we employ electrochemical anodization and reduction to obtain black 

TiO2 nanotubes. These two approaches were chosen for their easiness, low cost, benign 

conditions with potential scalability.  

2.2.1.1. Fabrication of nanotubular structure 

For semiconductors to harvest sunlight efficiently, maximizing specific surface 

area is crucial (Joy et al., 2018; X. Yan et al., 2017). Nanostructures have been explored 

to allow more active sites and also to slow down the recombination reactions of electrons 

and holes, facilitate charge transport, and improve the reaction kinetics by altering 

electronic properties (Roy et al., 2011; Ullattil et al., 2018; X. Yan et al., 2017).  

The different dimensions of nanostructures can enhance certain properties; for 

instance, 0D (e.g., quantum dots) are known for high visible light absorption, 2D (e.g., 

nanosheets) absorbs more UV light due to its small thickness, while 3D exhibits high 

photoactivity (Joy et al., 2018). Nonetheless, 1D nanostructures such as nanotubes and 

nanorods are the most attractive for water splitting applications (Roy et al., 2011). The 

interest in 1D nanostructures especially nanotubes is because they provide a higher surface 

area, lower the recombination rate, and enhance the redox reaction rate due to 

unidirectional electron transport (Cho et al., 2014; Venturini et al., 2019; Xuemei Zhou, 

2017).  

To fabricate nanotubes, various methods have been studied where the oldest 

method first reported by Hoyer is electrochemical deposition (Hoyer, 1996). Another 

technique developed by Kasuga et al. (1998) is based on the hydro/solvothermal approach. 

Other methods aerosol–gel (Zhang et al., 2001), atomic layer deposition (Shin et al., 
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2004), and electrochemical processes. The most used method is electrochemical 

anodization since it results in a highly uniform and closely packed nanotube structure with 

the advantage of controllable tube length (Roy et al., 2011). The electrochemical 

anodization method is facile and benign in ambient conditions, and its potential scalability 

allows the nanotubes to grow directly perpendicular to the conductive metal surface (Roy 

et al., 2011). 

Zwilling et al. (1999) are the first to report nanotube synthesis using 

electrochemical anodization, highlighting the fluoride ions' role. To obtain uniformly 

organized nanotubes, organic electrolyte systems (e.g., ethylene glycol) are ideal and can 

yield micrometer-length nanotubes (Roy et al., 2011). In the electrochemical anodization 

process, the morphology of TiO2 can be tuned by adjusting process parameters (e.g., 

potential, pH, anodization time, and solution concentration) or by adding some specific 

species to the electrolyte (Shah et al., 2017). The properties and concentration of ionic and 

nonionic species (organic) in the electrolyte are the main factors for the effective growth 

and formation of nanotubes (Shah et al., 2017).  

The anodization mechanism explained in the previous studies (Dikova et al., 2014; 

Shah et al., 2017; Smith et al., 2013; Y. Sun et al., 2011) begins with a field-assisted 

oxidation reaction in which oxygen ions  dissolved in water react with Titanium to form 

an oxide layer according to the equation below (Sun, Wang, & Yan, 2011): 

Ti + 2H2O → TiO2 + 4H+ + 4e− ………………………………………  [2-12] 
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However, another competitive reaction is taking place in the field-assisted dissolution 

reaction due to the fluoride ions. The fluoride ions dissolve the titanium dioxide and form 

a complex ion (TiF6) in the equation below (Sun et al., 2011): 

TiO2 + 6F− + 4H+ → [TiF6]2− + 2H2O……………………………….  [2-13] 

The dissolution reaction breaks through the oxide layer, develops into a hole, and 

eventually grows to form a nanotubular structure (Dikova et al., 2014). 

2.2.1.2. Blackening Effect 

Blackening of the TiO2 can be achieved in various ways. The most employed 

method is hydrogenation of TiO2, where Chen et al. (2011) converted white TiO2 to black 

at 200 °C under 20.0 bar H2 pressure in 5 days (Xiaobo et al., 2011). Blackening occurs 

due to introducing oxygen vacancies or Ti3+ into the TiO2 lattice (B. Wang et al., 2017). 

Other methods include H2 plasma treatment (Z. Wang et al., 2013a), chemical oxidation 

(Liu et al., 2013), reduction by metals such as aluminum (Z. Wang et al., 2013b), zinc (Z. 

Zhao et al., 2014), or magnesium (Sinhamahapatra et al., 2015) and electrochemical 

reduction (H. Li et al., 2014).  

The blackening mechanism involves field-assisted intercalation/extraction of 

monovalent cations, which modify the bandgap's electronic states (Zheng et al., 2014). 

During the reaction, H2 is produced and diffused to react with the oxide layer (Wu et al., 

2014). As it gets ionized to H+, an electron is delocalized in the conduction band, reducing 

Ti4+ to Ti3+ and oxygen vacancies (Wu et al., 2014). The reduction reaction equation is 

given by (Wu et al., 2014): 

Ti4+O2 + e− +  H+ →  Ti3+(O)(OH) ……………………………….  [2-14] 
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The oxygen vacancies are oxygen defects in the TiO2 lattice that can either be active sites 

or recombination centers (Amano et al., 2016). 

2.3. Sustainability of the Process 

CO2 utilization is one way to mitigate climate change while producing 

economically viable products. Qatar, with the highest per capita emissions, aspires to new 

technologies to reduce these emissions. The country needs a compatible solution to benefit 

from the existing gas-to-liquid infrastructure (GTL). Globally, renewable electricity prices 

are decreasing as the technology is maturing and more capacity is installed. In line with 

the global efforts, Qatar is pursuing a plan towards more sustainable electricity production 

as it aims for 20% of its energy from solar power by 2030. In July 2020, Siraj-1, the first 

large-scale solar power project with 800MW output, was announced and expected to 

achieve full capacity by 2022 (TOTAL, 2020). Qatar General Electricity & Water 

Corporation signed a power purchase agreement with the project company at one of the 

lowest equivalent Levelized Electricity Cost (LEC) of 0.01567$/kWh (Keating, 2020). 

Therefore, electrochemical CO2 conversion to syngas coupled with renewable electricity 

could be a suitable route to reduce CO2 emissions while benefiting from the existing GTL 

infrastructure. 

Recently, there have been efforts by big companies to commercialize 

electrochemical CO2 technologies.  For example, Siemens has collaborated with Covestro 

and Evonik and developed a low-temperature electrolyzer for syngas production. This 

unique electrolyzer system demonstrates an industrially relevant current density of 300 

mA/cm2 (Haas et al., 2018).  Following this advance, testing is being conducted on a pilot-
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scale plant, with an ultimate goal of integration with GTL plants by 2030 (Kuhn, 2020). 

Another example is the low-temperature CO2 electrolyzers developed by Dioxide 

Materials company based on innovative membranes that can reach up to 500 mA/cm2 at 

3V with 95% selectivity to carbon monoxide (Dioxide Materials, 2018). For the high-

temperature processes, Haldor Topsoe offers a full-scale solid-oxide electrolysis cell that 

produces a high purity carbon monoxide (99.999%), with an energy efficiency of 45% 

(Haldor Topsoe, 2019).  

CO2 is stable thermodynamically, marking its reduction as an energy-intensive 

process. For example, CO2 to CO needs ca. 18.4 GJ/ton CO with 50% conversion 

efficiency is very close to steel production energy requirement (ca. 21GJ/ton) (Grim et al., 

2020). Thus, to evaluate the benefits of electrochemical CO2 conversion, calculating the 

CO2 footprint and net fixation is required. Several recent studies focused on the techno-

economic assessment of the different products from electrochemical CO2 conversion 

(Adnan et al., 2020; De Luna et al., 2019; Jarvis et al., 2018; Jouny et al., 2018; Nabil et 

al., 2021; Verma et al., 2016). These studies concluded that CO is the closest to economic 

viability, and the critical bottleneck for this process is the electricity price. 

This study focuses on comparing electrochemical syngas production models 

starting from the developed experimental setup. The sustainability analysis is based on 

environmental and economic metrics to compare with the pilot and commercial systems 

reported in the literature. The expected outcome is to shed light on the direction of the 

work progressing in electrochemical CO2 conversion to syngas and how it stands 

compared to off-field benchmark CO2 conversion technologies. 
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3. RESEARCH PROBLEM AND OBJECTIVES 

3.1. Research Problem 

Recently black TiO2 has been studied for H2 generation and has proven higher 

efficiency than white TiO2. Few studies on the photocatalytic CO2 reduction on black TiO2 

are found in the literature. However, it can be seen from the literature survey that black 

TiO2 is not fully explored in electrochemical CO2 conversion. Studies are needed to 

investigate the catalytic ability of black TiO2 to drive CO2 electrochemical conversion and 

analyze the possible products. Such investigation will give insight into the potential of this 

material to substitute the expensive noble metal in photo/electrochemical CO2 conversion 

systems.  

Furthermore, the potential of the scalability and commercialization for the 

electrochemical-based processes for CO2 conversion still required tremendous research 

and development efforts. A detailed sustainability assessments methods and tools are 

required to ensure the emerging of new catalysts and technologies in this market.  

   

3.2. Research Objectives 

This study focuses on using black TiO2 nanotubes (BTNT) for producing H2 and 

converting CO2 to CO in a photo/electrochemical cell.  

The systematic approach to achieve this goal is as follows: 

1. Synthesis of the black TiO2 uniform structured nanotubes. 

2. Characterization of the BTNT. 
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3. Study of the photo/electrochemical properties using electrochemical 

measurement techniques. 

4. Building an electrochemical setup that allows direct analysis of gaseous 

products and safe operation.  

5. Performance testing the BTNT for H2 generation. 

6. Comparison of the BTNT with white TiO2 nanotubes based on surface 

characterization, electrochemical properties and H2 generation. 

7. Validation of the built setup for CO2 conversion using standard material of 

platinum. 

8. Performance testing the BTNT for CO2 conversion. 

9. Preliminary economic and environmental analysis of the developed system 

based on CO2 emissions and operating cost. The obtained results are compared 

with literature reported electrochemical systems. 

10. A sensitivity study to highlight the impact of the system’s specifications on the 

CO2 emissions and cost.  
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4. METHODOLOGY 

This section consists of two parts; the first part discusses the experimental 

approach used for the fabrication and characterization of the BTNT, then the techniques 

for analyzing its electrochemical properties and the performance tests for production of 

H2 and conversion of CO2. The second part elaborates the calculation steps for CO2 

emissions and operating cost of the proposed electrochemical process for syngas 

production.  The CO2 emissions and the operating cost are used to assess the sustainability 

of the process and compare it with literature reported systems.  

4.1. Experimental Methods 

4.1.1. Materials and Chemicals 

Titanium (thickness 1mm, 99.7% trace metals basis, Sigma-Aldrich) and stainless 

steel (thickness 1.5mm, Sigma-Aldrich), gold (thickness 0.1mm, 99.99%, Shanghai Yue 

Magnetic Electronic Technology Co., Ltd.,) and platinum (thickness 0.1mm, 99.99%, 

Shanghai AI FA Technology Co., Ltd.) are cleaned and used as detailed. Chemicals' 

sources and purities are as follows, ethylene glycol (C2H6O2) (≥98%, VWR Chemicals), 

sodium fluoride (≥99%, Sigma Aldrich), potassium bicarbonate (99.97% trace metals 

basis, Sigma Aldrich), potassium hydroxide (KOH) (≥99%, Sigma Aldrich), nitric acid 

(69%, VWR Chemicals) and sulfuric acid (>95%, Fisher Scientific). Deionized water 

(≥18.2 MΩ, TOC ≈ 1ppb, Purelab Flex from Elga) is used to prepare all solutions. The 

following gases are used for purging, CO2 (99.995%, grade 4.5, NIGP) and N2 (99.9995%, 

grade 5.5, NIGP).  

 

https://www.sigmaaldrich.com/catalog/product/aldrich/369489?lang=en&region=QA
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4.1.2. Fabrication Procedures 

This section elaborates on the fabrication of the titanium dioxide nanotubes (TNT) 

and the black titanium dioxide nanotube (BTNT). The chosen procedures are based on 

electrochemical processes, as explained in the introduction section. The parameters of the 

experiments were based on both literature and optimization experiments which are 

discussed in detail in Appendix A. Figure 3 summarizes the discussed fabrication steps of 

the BTNT electrode. 

Figure 3: Overview of BTNT fabrication (created with biorender.com) 

4.1.2.1. Titanium Dioxide Nanotubes (TNT) Preparation 

Titanium (Ti) sheet (2cm x 4cm x1mm in size) and stainless-steel (SS) sheet were 

cleaned in acetone and deionized water under ultrasonication (Branson 2510E) for 10min 

then dried in ambient air. The Ti sheet as anode and stainless-steel as cathode were 

immersed vertically in an ethylene glycol electrolyte solution containing 0.5wt % NaF and 

2wt % H2O  (Jeong et al., 2018). A constant voltage of 30V was provided by the power 

supply (Quad Output DC, EXTECH Instruments; max. 60V) for 5h at room temperature 

and stirring speed of 4rpm. The experimental setup as in the lab is shown in Figure 4. The 

as-anodized titanium was then washed with deionized water and left to dry in ambient 
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conditions before annealing at 400˚C for 2h in a muffle furnace (Thermolyne, Thermo 

Scientific). The resulting sample is referred to as TNT. The conditions used in the 

electrochemical anodization and the annealing resulted from optimization experiments 

explained in Appendix A. 

 

Figure 4. Electrochemical Anodization Setup 

4.1.2.2. Black TNT Preparation 

Electrochemical reduction reaction was conducted using the same power supply at 

a constant potential of 20V and for 5min. As shown in Figure 5, the TNT was set as the 

cathode against a Pt wire as the anode in the same electrolyte solution of ethylene glycol 

(0.5wt % NaF and 2wt % H2O) stirred at 4rpm and ambient conditions. It is worth 

mentioning that using a higher voltage (i.e.,>20V) for reduction caused peeling of the 

TNT's oxide layer.  
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Figure 5: Electrochemical Reduction Setup 

4.1.3. Materials Characterization Methods 

4.1.3.1. Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is a versatile instrument primarily used to 

analyze the topology and morphology by imaging a surface with a focused electron beam 

(Akhtar et al., 2018). Topology provides information about the surface texture, while 

morphology indicates shape and size. SEM is highly advantageous to get high-resolution 

images up to 1nm (Akhtar et al., 2018). In this study, SEM from FEI QUANTA 400, 

Thermo Fisher Scientific operated at a vacuum of 10Pa, and an acceleration voltage of 

5kV is used to confirm the surface morphology of TNT and BTNT.  

4.1.3.2. X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a non-destructive technique used to characterize 

crystallographic structures, phases, chemical composition, and other details (Bunaciu et 

al., 2015). XRD generates peaks by constructive interference of monochromatic beam of 

X-rays that creates diffracted ray through interaction with the sample (Bunaciu et al., 

2015). The diffracted ray is scattered at certain angles from each lattice plane of the 
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sample. Since each material has a distinctive X-ray diffraction pattern for its atomic 

arrangement, this pattern can be compared with reference measurements to identify the 

crystalline form (Bunaciu et al., 2015). In this study, XRD is recorded by a Rigaku Ultima 

IV diffractometer using Cu (Kα) radiation (40 kV/40 mA) to characterize the crystalline 

structure and compare TNT with BTNT. Bragg's law is used to identify crystal type via 

the following relation (Skoog et al., 2018): 

n ∙ λ = 2dsinΘ ……………………………………… [4-1] 

where, 'n' is an integer, 'λ' is the X-ray wavelength, 'd' is the crystal interplanar distance, 

and 'θ' is the beam angle. Matching 2θ versus the X-ray intensity with the diffraction 

pattern is used for the identification of the crystalline phase.   

4.1.3.3. X-ray photoelectron spectroscope (XPS) 

X-ray photoelectron spectroscope (XPS) is a non-destructive instrument used for 

quantitative chemical analysis, e.g., total elemental analysis and chemical bonding details 

(Andrade, 1985). It uses the photoelectric effect concept where X-ray source emitting 

monochromatic X-ray photons interact with the atomic and molecular orbital electrons in 

the sample (Andrade, 1985). A fraction of the photoelectrons emitted from 1-10 nm of the 

surface is analyzed to measure the kinetic energies (Andrade, 1985). Thus, a spectrum of 

photoelectron intensity versus the binding energy is generated where the binding energy 

position of the characteristic peaks is used for elemental identification (Andrade, 1985). 

The oxidation states of Ti and O in both TNT and BTNT were examined using XPS (AXIS 

Ultra DLD X-ray Photoelectron Spectrometer by Kratos (UK).  
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4.1.4. Electrochemical Measurement Techniques 

The Interface 1010E potentiostat/galvanostat from Gamry instruments was used to 

conduct cyclic and linear sweep voltammetry besides chronoamperometry. The 

potentiostat is an electronic instrument used to control and measure voltage or current 

between the working and reference electrode (Westbroek, 2005). It is used to study 

reaction mechanisms related to reduction/oxidation chemistry (Westbroek, 2005). This 

device interfaces with a computer and has a dedicated software package from which 

different experiments can be chosen, e.g., voltammetry (cyclic or linear) and 

chronoamperometry (Westbroek, 2005).  A typical system is the three-electrode which has 

a working, counter, and reference electrodes. The device controls the potential between 

the working and reference by adjusting the current through the counter electrode (Skoog 

et al., 2018). Chronoamperometry is an electrochemical technique that monitors the 

current versus time at the fixed potential to the working electrode (Ciobanu et al., 2007). 

Voltammetry is an electroanalytical method which plots current against the potential of 

the working electrode(Ciobanu et al., 2007). 

4.1.4.1. Cyclic Voltammetry (CV) 

Cyclic Voltammetry (CV) is an electrochemical technique used to find the 

reduction/oxidation (redox) potentials, the thermodynamics, and the effect of media on 

redox reactions (Elgrishi et al., 2017). A three-electrode cell is connected to a potentiostat 

which sweeps the voltage with a specific scan rate while measuring the current (Elgrishi 

et al., 2017). The voltage sweeps proceed in cycles where the positive voltage ramp 

provides the oxidation peak and vice versa for the reduction peak (Elgrishi et al., 2017). 

https://en.wikipedia.org/wiki/Electrochemical_reaction_mechanism
https://en.wikipedia.org/wiki/Redox
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In this study, CV was used to evaluate the oxidation potentials of the prepared BTNT in 

the range from -1.2 to 1 V at a scan rate of 100 mV/s. 

4.1.4.2. Linear Sweep Voltammetry (LSV) 

Linear Sweep Voltammetry (LSV) is used to determine the onset potential and the 

samples' photocurrent density. As the applied voltage approaches the redox potential, the 

current increases (Brian, 2013). The electrons' movement in and out the electrode due to 

the redox reactions causes the current to measure the rate of the exchanged electron at the 

electrode-electrolyte interface (Brian, 2013). Herein, the potential values were swept in 

the range from -0.5 to 1.5V vs. Ag/AgCl reference electrode at a scan rate of 5 mV/s under 

chopped light irradiation (100 mW/cm2) using a 150 W xenon arc lamp (ABET LS150).  

4.1.5. Analytical Equipment  

4.1.5.1. Residual Gas Analyzer (RGA) 

RGA is a spectrometer that measures gasses' chemical composition at vacuum 

conditions (Ohring, 2002). RGA is considered convenient because of its simple operation 

and instantaneous measurement. In this device, injected gas molecules are converted to 

ions then filtered according to their specific mass to charge ratio (M/e) (Ohring, 2002). 

The mass to charge ratio and the signal response measurement are related to the number 

of injected molecules. Two main limitations of RGA operation are faced in this study: (1) 

the nitrogen and carbon monoxide overlapping peaks since both have an atomic mass unit 

of 28 and (2) the mass spectrum of the CO2 has a fragment of CO of about 12% intensity 
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(Timo et al., 2006). Therefore, in this work, the RGA from Hiden Analytical was used to 

detect only the H2 generation. 

4.1.5.2. Fourier-Transform Infrared Radiation Spectroscopy (FTIR) 

FTIR is a method that identifies chemical bonds via their vibration (bending or 

stretching) when exposed to infrared radiation at specific wavelengths (Daéid, 2005). The 

vibration intensity against the radiation frequency is plotted, and a portion of the spectrum 

is signified as the fingerprint region, which is unique to each functional group (Daéid, 

2005). In this study, FTIR from NICOLET 670, Thermo SCIENTIFIC was used to identify 

the C≡O bond, typically found in the range (2200-2100cm-1), as shown in the below figure 

obtained from NIST (Acree et al.). FTIR is chosen as it is recommended for small samples 

and can detect CO as low as 1ppbv (Novelli, 1999). 

 

Figure 6: Infrared spectrum of carbon monoxide (Acree et al.) 
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4.1.6. Water Splitting Setup 

Figure 7 shows a schematic of the experimental setup, and Figure 8 shows the 

layout as in the lab. A customized quartz glass cell was used for the two-electrode system 

comprising TNT or black TNT as working electrodes, while the Pt wire was the counter 

electrode. Three types of electrolytes, KOH (1M), H2SO4 (0.5M), or mixture, were used 

to investigate the effect of pH. The potentiostat supplied the setup with the voltage and 

measured the current density over the reaction time. The cell was under air mass 1.5 

(AM1.5) irradiation (100 mW/cm2). The solar simulator was warmed up for 10 minutes 

before each experiment to avoid irradiation instabilities. H2 rate was measured using the 

RGA connected to the cell's headspace - that records all exit gas signals instantly.  

 

Figure 7: Schematic of the experimental setup for H2 generation under AM1.5 

irradiation (100 mW/cm2)   
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Figure 8: Experimental setup for H2 generation as in the lab 

4.1.7. CO2 Conversion Setup 

The BTNT testing for the CO2 conversion was conducted in a typical two-

compartment (H-cell) electrolysis cell obtained from Mi Hua Agel Ecommerce Ltd. The 

two compartments were separated by an ion-exchange membrane (Nafion, 117), stored 

overnight in 0.1M KHCO3 before use (Cave et al., 2017). Since this reaction is sensitive 

to impurities, a cleaning and pretreatment protocol was followed before each experiment 

(Cave et al., 2017; J. Zhao et al., 2020). Firstly, the cell was cleaned using 40 vol% sulfuric 

acid and rinsed with DI water. A gold plate was used as the cathode and BTNT or platinum 

(for the validation and comparison) as the anode. The gold plate was polished with 

sandpaper, ultrasonicated in a 40 vol% aqueous nitric acid solution, then in DI water and 

ethanol for 15 minutes to remove contaminants. The platinum plate was cleaned in 40 

vol% nitric acid overnight, then ultrasonicated and rinsed with DI water and ethanol, 

whereas the BTNT was used as it is. To set up the cell, each compartment was filled with 

60 ml of 0.1M KHCO3 solution. A chiller maintained the cell at a fixed temperature of 

20˚C. Low temperatures enhance the CO2 solubility in the electrolyte (Gattrell et al., 
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2006). An Ag/AgCl reference electrode was used and placed in the cathodic compartment.  

The data was recorded versus an Ag/AgCl electrode and shifted to the RHE scale using 

Nernst equation (Ciobanu et al., 2007): 

ERHE = EAg/AgCl + 0.059 pH + E°
Ag/AgCl……………………………………… [4-2] 

 

Where 𝐸°
𝐴𝑔/𝐴𝑔𝐶𝑙 = 0.21𝑉 

The cathodic compartment was purged with N2 first for at least 15 minutes, then 

three cyclic voltammograms (CV) were taken. All three CVs were in the range of -1.2 V 

to 2.3 V vs. RHE, where the first and third runs at a low scan rate of 50mV/s and the 

second run at a high scan rate of 500mV/s. The idea behind several cycles at different scan 

rates is to stabilize the surface by getting rid of any impurities and ensuring the surface 

was free of any poisoning electroactive species (Cave et al., 2017). Then, the cathodic 

compartment was purged with CO2 for 15 minutes, and the cyclic voltammograms were 

repeated. Subsequently, an anodic pretreatment step was done by fixing the potential at 

2.3V for 30 minutes. This anodic voltage of 2.3V is based on a previous study that relates 

the formation of a gold oxide layer to an increase in the surface area (Hoogvliet et al., 

2000). 

The electrolyte's pH measurement in the cell was done before and after CO2 

purging, and the readings were recorded, respectively. The pH values were used to ensure 

the electrolyte saturation with CO2 (J. Zhao et al., 2020). For product detection, the 

analytical equipment was connected to the headspace of the cathodic compartment. Figure 

9 is the schematic of the described electrochemical setup.  The qualitative assessment of 

the evolving gaseous products was conducted by FTIR for CO detection and RGA for the 
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detection of H2. Before each experiment, the analytical equipment was purged with the 

carrier or inert gas for around one hour to ensure the system is free of contaminants. The 

RGA records all gas signals instantly and represents the data as partial pressure or ppm. 

In the FTIR, the measurements were taken every five minutes, and the carrier gas was 

10% CO2 in helium. In all experiments, the flow of carrier gas through the cell was 

regulated with a rotameter (Cole Parmer) at 120 ml/min to ensure the relatively high 

flowrate will prevent air from entering the cell.  

 

Figure 9: Schematic of CO2 electrochemical reduction setup. The cell is connected to a 

potentiostat, a rotameter regulates the CO2 inlet, and the RGA/FTIR analyzes the gas outlet 

(created with BioRender.com) 

Chronoamperometry experiment was used by specifying the voltage and time. 

Different voltages versus RHE were explored: -0.40, -0.7, -1V; these values are based on 

the CO2 reduction window (-0.4 to -1V) (Goyal et al., 2020). Each experiment was 

repeated at least three times for 30 minutes with continuous stirring of the electrolyte. 
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4.2. Environmental and Economic Analysis 

In this section, the CO2 emissions and the operating cost for the tested experimental 

setup are evaluated and compared with the literature-reported pilot/commercial systems 

and conventional syngas benchmark. The literature-reported pilot/commercial cases are 

from Siemens and Dioxide Materials companies. The conventional syngas benchmark is 

taken as dry methane reforming since it also converts CO2 to syngas. Analysis of the 

electrochemical systems requires the calculation of electricity, energy efficiency, and 

conversion, which are calculated through the equations provided below. Per Faraday's law, 

the maximum CO generated can be calculated using the equation below (Skoog et al., 

2018): 

 

𝑁 (
𝑚𝑜𝑙

𝑠
) =  

𝐽×𝐴×10−3

𝑛×𝐹
 ……………………………… [4-3] 

where, 'J' is the current density (mA/cm2), 'A' is the electrode area in cm2, 'n' is the number 

of electrons involved in the reaction (for CO=2), and 'F' is the Faraday's constant (96,485 

C/mol).  

It should be noted that equation [3-2] can also be used for scaling up the experimental 

setup by substituting the value of 'N' in the equation with the targeted production capacity 

of syngas. 

The electricity consumption can be calculated as follows: 

 𝐸 =
𝑉×𝐽×𝐴×𝑡

𝐸𝐸%
……………………………………… [4-4] 

where, 'V' is the applied voltage (volts), 't' is the operating time (s), and 'EE%' is the 

energy efficiency which is calculated as follows(De Luna et al., 2019): 
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𝐸𝐸% =
𝐸°

𝑉
× 100% ………………………………… [4-5] 

where, '𝐸°' is the equilibrium cell potential calculated from the following equation 

(Skoog et al., 2018):: 

𝐸° = 𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒
° − 𝐸𝑎𝑛𝑜𝑑𝑒

° ……………………………[4-6] 

For electrochemical syngas production, two pathways were considered as shown 

in Figure 10; (a) direct syngas production, and (b) dual-step process. Scenario (a) uses one 

electrolyzer to convert CO2 and H2O streams to syngas at the specified ratio. This scenario 

is studied by two cases: the experimental setup and Siemens reported syngas electrolyzer. 

On the other hand, scenario (b) uses two electrolyzers: one to convert CO2 to CO and the 

other to produce H2 from H2O. This scenario is studied by the commercial CO electrolyzer 

developed by Dioxide Materials company coupled with a commercial H2 electrolyzer.  A 

solar energy source and pure CO2 stream are assumed available on-site. Table 2 

summarizes the specifications of the four analyzed cases. 
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Figure 10: Electrochemical syngas production pathways via (a) direct reduction of 

CO2 to syngas, (b) dual step process to convert CO2 and H2O to syngas where 

electricity is assumed from solar panels. 

Table 2:Specifications of the studied systems 

  Typical Examples 

Parameter Current 

study  

Siemens  Dioxide 

Materials  

H2 from 

AEM  

Current density (mA/cm2) 4.14 150.00 120.00 300.00 

Cell potential (V) 2.23 3.60 2.95 2.10 

FE% 50% 47% 98% 100% 

Reference This work (Haas et 

al., 2018) 

(Kaczur et 

al., 2018) 

(Carmo et 

al., 2013) 

In an electrochemical system, CO2 emissions are generated from indirect 

emissions associated with the manufacturing, construction, and commissioning of solar 

panels and CO2 stream purification. The electrochemical system's cost is broken down into 

a capital cost which includes electrolyzer, and an operating cost which includes CO2 

stream and renewable electricity.  
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Table 3 summarizes emissions factors and unit prices used for CO2 emissions and 

costs. 

 

Table 3: Emission factors and unit prices 

Emissions factors Reference 

Solar Panel 

(utility) 

(gCO2/kWh) 

48 (Bruckner 

et al., 

2014) 

CO2 stream 

(gCO2/kg 

CO2) 

62.95 (David et 

al., 2001) 

Economics  

Price of CO2 

($/kg) 

0.03 (Luckow 

et al., 

2015) 

Electrolyser 

Cost ($/kW)  

300 (DOE, 

2015) 

Electrolyser 

Cost ($/m2) 

1840 (Jouny et 

al., 2018) 

4.2.1. Calculation Method 

As shown in Figure 11, the steps for CO2 emissions calculation start by assuming 

a production basis which is taken as 1000 kg CO/day. Also, the targeted ratio is set as 

(H2:CO = 1:1), which corresponds to a faradaic efficiency of 50%. This faradaic efficiency 

falls almost in the middle of the literature-reported values range (20 to 90%) based on CO 

(Cave et al., 2017; Ringe et al., 2020). Required electrolyzer area and electricity demand 

can be calculated from equations [3-3] and [3-4]. Electricity consumption by the 

supporting components or systems (balance of plant) is assumed as 10% of the electricity 

demand in the conversion process (Adnan et al., 2020). From CO2 reduction reaction 

stoichiometry and conversion percentage, CO2 demand can be calculated. Finally, 



 

50 

 

emissions are calculated by multiplying electricity and CO2 stream by emission factors 

and subtracting the quantity of CO2 converted to CO. The operating cost (OPEX) is 

comprised of CO2 stream and electricity. Detailed calculations and assumptions are 

provided in Appendix A. 

 

 

Figure 11: Steps for the calculation of the (a) CO2 emissions and (b) the operating cost 
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5. RESULTS AND DISCUSSION 

Herein, the discussion starts by the experimental results followed by the 

environmental and economic analysis. The discussion of the experimental work starts by 

the material characterization for comparing morphology, crystalline structure, and 

oxidation states between the BTNT and the TNT. Afterwards, the electrochemical 

measurements to investigate electronic conductivity and reduction/oxidation potentials are 

elaborated. Lastly, the performance of the material in H2 production and CO2 conversion 

is discussed. In the second part, the CO2 emissions, and costs for scaling up the proposed 

electrochemical syngas process are discussed. Additionally, a comparative analysis is 

demonstrated with similar and conventional benchmark syngas production processes. The 

discussion is concluded by a sensitivity study to highlight the bottleneck of the process. 

5.1. Experimental Results 

5.1.1. Surface Characterization 

5.1.1.1. SEM 

Surface structure and dimensions can be tuned by varying the applied voltage and 

duration of the anodization reaction. As the nanotube length increases, it allows more area 

for light absorption enhancing the catalytic ability of the material (Adán et al., 2016; Y. 

Sun et al., 2011; Z. Wang et al., 2013a; Xuemei Zhou, 2017). However, after a length 

greater than ∼7−10μm, the probability for recombination increases which lowers the 

photoactivity (Adán et al., 2016; Z. Wang et al., 2013a; Xuemei Zhou, 2017). The 

nanotube surface is the main reaction place thus bigger pore diameter and small thickness 

are preferred to enhance ion migration (Liang et al., 2012). Through tuning the anodization 
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parameters, the desired nanotubular structure with a pore diameter average of 65 nm and 

a length between 4 to 6μm was obtained, as depicted by the SEM surface and the cross-

section images in Figure 12 and Figure 13. The SEM revealed that both TNT and BTNT 

have similar morphology indicating that the electrochemical reduction does not change 

the nanotube structure formed in the anodization step. This result is also confirmed by 

previous studies (Jeong et al., 2018; C. Kim et al., 2014; Tho et al., 2019; G. Xu et al., 

2019).  

 

Figure 12: SEM images for the top and cross-sectional view of the TNT 

Figure 13: SEM images of the top and cross-sectional view of the BTNT 
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5.1.1.2. XRD 

The crystallinity of BTNT and TNT were compared using XRD, as shown in 

Figure 14. The comparison of the BTNT and TNT shows that the reduced sample 

preserved the crystallinity obtained from the annealing step, which is consistent with 

previous studies (Jeong et al., 2018; C. Kim et al., 2014; H. Li et al., 2014; Wu et al., 2014; 

G. Xu et al., 2019). The XRD pattern exhibits the primary characteristic peaks of anatase 

TiO2 with miller indices (101), (103), (004), (200), (105), and (211) in reference to the 

JCPDS (PDF 84-1286). The sharpness of the (101) peak at 25.5 degrees indicates the 

formation of a uniformly crystalline single phase. These results are favorable since anatase 

is generally preferred for its higher photoactivity attributed to higher bulk transport of 

electrons and holes to the surface (Luttrell et al., 2014).  

 

Figure 14:  XRD patterns of TNT and BTNT 
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5.1.1.3. XPS 

In order to confirm the reduction of the material, XPS was used to identify 

chemical composition and oxidation state of the TNT and BTNT. The black coloration 

achieved by reducing the BTNT is related to the presence of Ti3+ and oxygen vacancies 

due to removing oxygen by electrochemical reduction as shown in equation [2-14] (Ullattil 

et al., 2018). Figure 15 shows that the Ti 2p spectra consist of two peaks at 464 eV and 

458.6 eV corresponding to Ti 2p3/2 and Ti 2p1/2. The negative shift of the BTNT to 463 

and 457.5 eV suggests the presence of Ti3+ since a reduced element gains electrons and 

shifts to lower binding energy (G. Xu et al., 2019). This analysis agrees with several 

literature reports (X. Xu et al., 2020; P. Yan et al., 2015; Zheng et al., 2014; Zhou et al., 

2014; Zhu et al., 2018). Table 4 shows the binding energies for the TNT and BTNT as 

compared to the standard TiO2 (P25) (Naldoni et al., 2012).  

 

Figure 15:Ti 2p XPS spectra  
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Table 4: Binding energies of Ti 2p and O 1s as determined by XPS analysis 

Sample Binding Energy (eV) 

Ti 2p 

Binding Energy (eV) 

O 1s 

2p3/2 2p1/2 

TNT 458.6 464 528 

BTNT 457.5 463 530 

P25 (Naldoni et al., 2012) 458.46 464.15 529.68 

5.1.2. Electrochemical Measurement 

5.1.2.1. Cyclic Voltammetry  

Figure 16 compares the CVs of BTNT and TNT in a 0.1M KOH aqueous solution. 

The figure shows that the current density depends on the potential where the positive 

values witnessed lower current densities indicating higher resistance (Zhu et al., 2018). 

The triangular shape of the TNT curve is typical for crystalline anatase exhibiting higher 

electronic resistance as compared to the wider curve for BTNT (Denisov et al., 2020; H. 

Li et al., 2014; Zhu et al., 2018). The difference in the curve shape of TNT and BTNT and 

the higher currents observed for the latter indicate that the reduction increased the 

electronic conductivity. The conductivity enhancement can be explained by the trapping 

theory where the defects, i.e., Ti3+ sites, are energetically localized, and they catch the free 

electrons from the conduction band (Zhu et al., 2018). The Ti3+ states promote a metallic 

behavior and act as donor centers, thus enhancing charge transport and charge transfer (C. 

Kim et al., 2014; Wu et al., 2014; X. Yan et al., 2017; Zhou et al., 2014). These trap sites 

can appear as a cathodic peak around the flat band potential, followed by an increase in 

cathodic current density due to conductivity improvement (Zhou et al., 2014). The 

cathodic current increase starts at -0.5 and -0.7V for the BTNT and TNT, respectively, 
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marking the onset for H2 evolution reaction. In Figure 16, the oxidation potentials for 

BTNT and TNT were -0.9 V and -1.1V, respectively. 

 

Figure 16: Cyclic voltammograms of TNT and BTNT in 0.1M KOH 

5.1.2.2. Linear Sweep Voltammetry  

As summarized in Table 5 below, BTNT and TNT can have the same onset 

potential (Jeong et al., 2018; G. Xu et al., 2019), or the reduced sample may witness a 

negative shift (Cui et al., 2014; Q. Kang et al., 2013; Z. Li et al., 2020). The onset potential 

definition is taken as the point where the photocurrent density generated due to the light 

absorption, has a higher value than dark current density (Jeong et al., 2018). Thus, as 

demonstrated in Figure 17, the onset is at around -0.5V for both BTNT and TNT, and that 

is when the photocurrent density (light on) became higher than the dark current (light off). 

BTNT had a slightly higher photocurrent than TNT up to a voltage of 0.9V; then the 

difference became more significant where a maximum of 2.5 mA/cm2 was reached 

compared to 1.2 mA/cm2 for the TNT at 1.5V. The sharp increase in current density after 
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1.1V for both BTNT and TNT showed faster reaction kinetics at the higher voltages. The 

higher photocurrent indicated increased photoactivity of the BTNT, which is also because 

of the enhanced conductivity due to the Ti3+ states, as explained in the CV section above 

(Cui et al., 2014; Jeong et al., 2018; Q. Kang et al., 2013; Z. Li et al., 2020; G. Xu et al., 

2019). 

Table 5: Onset potentials from different studies comparing BTNT and TNT 

Reduction method 
Onset potential (V) 

(TNT/BTNT) 
Reference 

Simple soaking 0.708 0.581 vs VRHE (Z. Li et al., 2020) 

Electrochemical 1.35 1.35V vs VAgAgCl (G. Xu et al., 2019) 

NaBH4 -1.15 -0.65 vs VAgAgCl (Tho et al., 2019) 

Electrochemical -0.5 -0.5 vs VSCE (Jeong et al., 2018) 

Aluminium -0.887 -0.909 vs VAgAgCl (Cui et al., 2014) 

NaBH4 0.16 0.08 vs VRHE (Q. Kang et al., 2013) 

Electrochemical -0.5 -0.5 vs VAgAgCl Current study 
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Figure 17:Light-chopped linear sweep voltammogram of TNT and BTNT in 0.1M 

Na2SO3 under simulated sunlight (AM 1.5, 100 mW cm-2) 

5.1.3. Water Splitting 

The current density and the H2 production rate were measured to assess the 

fabricated electrodes' performance (BTNT vs. TNT). The comparison is to evaluate the 

enhancement due to the electrochemical reduction. Table 6 summarizes the reported 

current densities for BTNT prepared by electrochemical reduction.  

Table 6: BTNT current densities as reported in literature 

*(calculated from the given current 5.8mA and area 2.2x1.7cm) 

Reduction 

Method 

Current 

Density 

(mA\cm2) 

Potential (V) Electrolyte pH Reference 

Electrochemical 1.55*  2.4 vs VAgAgCl Na2SO4 

(0.05M) 

- (X. Xu et al., 

2020) 

Electrochemical 0.7 0 vs VSCE Na2SO4 

(0.1M) 

6.5 (Jeong et al., 

2018) 

Electrochemical 0.65 0 vs VAgAgCl KOH (1M)  14 (Chen et al., 

2013) 

Electrochemical 2.8 1.23 vs. VRHE KOH (1M) - (Z. Zhang et 

al., 2013) 

Electrochemical 0.87 1 vs VAgAgCl KOH (1M) 14 This study 

 2.26 H2SO4 0.7 
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Current density, which is the electric current per unit geometric area of the 

electrode, is proportional to the reaction rate, i.e., higher current means faster reaction 

rates (Hernández et al., 2017). In this setup, the current density is measured under three 

pH conditions, low (acidic), medium (neutral), and high (basic). Low pH accelerates the 

production of H2 due to the presence of more H+ in the solution (G. Zhang et al., 2013). 

The flat band potential is the required voltage to stretch back the band edges from the 

bending position to the flat position. This voltage affects the recombination probability. 

The flat band potential is a function of the pH following the Nernst equation (Maria et al., 

2001):  

𝐸𝑓𝑏 = 𝐸𝑓𝑏
0 − 0.05915 𝑝𝐻………………………………………….[5-1] 

Where, 𝐸𝑓𝑏 is the flat band potential and 𝐸𝑓𝑏
0 is the standard flat band potential. 

Figure 18 compares the current density at the different pH conditions where the 

neutral and basic conditions gave a lower current than acidic conditions. This is because 

acidic electrolyte contains a higher amount of H2 ions (Hong et al., 2009). Furthermore, a 

negative shift of flat band potential per pH unit enhances the oxidative activity of the holes 

(Maria et al., 2001). It can also be noticed that the neutral condition had the lowest current, 

and this can be explained by the point of zero charges of the TiO2, which happens at around 

pH = 6.8 (Ojani et al., 2012).  
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Figure 18: Current density variation at different pH conditions for BTNT at 1V 

Figure 19 and Figure 20 show the acidic (pH 0.7~0.9) and basic (pH 13~14) 

conditions where the BTNT demonstrated superior performance against the TNT. The 

BTNT demonstrated superior performance against the TNT in both conditions. Higher 

currents were achieved in acidic conditions reaching a maximum of 2.26 compared to 0.87 

mA/cm2 in basic conditions measured at 1V vs VAg/AgCl.  
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Figure 19:Current density variation in acid at 1V, TNT, and BTNT with an active 

area of 4cm2 

 
Figure 20: Current density variation in KOH (1M) at 1V, TNT, and BTNT with an 

active area of 4cm2 

BTNT performance in acidic conditions was furthered tested in a one-hour 

reaction and at 1V vs. VAg/AgCl while a residual gas analyzer analyzes the gaseous outlet. 

Figure 21 shows the H2 evolution as a percentage over the reaction time for the BTNT and 

TNT. The TNT resulted in negligible H2 while the BTNT produced a maximum 
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percentage of 5.15% based on the gas sample volume to the RGA and at an average current 

density 1.75 mA/cm2. The decrease in H2 percentage after 40 minutes is due to the 

decrease in current density. This in turn suggests that BTNT’s activity degrades which 

may be due to sulfur poisoning from the acid solution (H. Wang et al., 2019). 

 
Figure 21: Curves of H2 evolution as recorded by the RGA for BTNT and TNT in 

acidic conditions 

5.1.4. CO2 Conversion 

From the previous section, the BTNT capability to drive the H2 generation was 

proven to be more efficient than TNT. Now, the BTNT's ability to drive CO2 reduction on 

gold is analyzed. However, first, validation experiments with platinum and gold were 

conducted. These experiments were to validate the developed setup and the required 

conditions for CO2 reduction. They also served as a benchmark for comparison with 

BTNT.  

To understand the reduction/oxidation reactions on gold cathode, a CV scan is 

applied from highly negative (reducing) to positive (oxidizing) voltages. The first CV scan 
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is taken for cleaned electrode without electrochemical pretreatment and is shown by the 

as-received curve in Figure 22. In this scan, two reduction peaks are observed, peaks C 

and D on the reverse scan, while the oxidation peak is not visible. The reduction peaks are 

due to the redeposition of gold ions from reducing the gold oxides/hydroxides formed 

during the forward scan(Cave et al., 2017).  A second CV scan is taken after anodic 

pretreatment to examine its effect on the gold. In this scan, shown as CV1 in Figure 22, 

the mentioned reduction peaks (C and D) are more pronounced, and three other peaks 

emerged. Peaks A and B in the forward scan are gold oxide formation peaks, while E is 

an additional reduction peak. The appearance of multiple peaks indicates that there is a 

possibility of either several types of oxides/hydroxides formation or different activity 

states(Kedzierzawski et al., 1994). The CV after the pretreatment shows an evident 

increase in the gold reduction peak. The increased reduction peaks' areas indicate more 

reduced gold oxides or hydroxides which are formed in anodic pretreatment (Hoogvliet et 

al., 2000; H. Kim et al., 2016). Although the created oxide layer is expected to increase 

active area, it is poorly stable, as confirmed by the third CV scan (CV2), which shows a 

decrease in reduction peaks' areas as compared to CV1. Nevertheless, comparing CV2 to 

the as received scan, it is expected a percentage of formed active area is still present.  



 

64 

 

 

Figure 22: Cyclic Voltammetry performed in 0.1M KHCO3 at 50 mV/s, the arrows show 

the direction of the forward and reverse scans. As received scan is before the anodic 

pretreatment while CV1 and CV2 are after the pretreatment (conducted at 2.3V for 30min). 

The letters from A to E shows the oxidation and reduction peaks. 

The eletrolyte’s pH was measured before and after CO2 purging, and the readings 

were 8.52 and 6.81, respectively. These pH values correspond well with the measurements 

before and after CO2 saturation in the 0.1M KHCO3 (J. Zhao et al., 2020). Following the 

cyclic voltammetry, the CO2 reduction reaction is started by applying the voltage in the 

range of -0.4 to -1V. An instantaneous color change of the gold to dark brownish is 

observed, possibly due to partial poisoning from adsorbed species such as potassium, 

carbon monoxide, or some carbon deposits (Thorson et al., 2012; Wuttig et al., 2016). This 

deactivation leads to a slight decrease of current over time, as observed in Figure 23. With 

the increase in voltage from -0.4 to -1V, an increase in current density is observed for both 

electrodes. For BTNT, the current density increased from 0.36 mA/cm2
 at -0.4V by 2.8 

mA/cm2
 and 4.06 mA/cm2

 when voltage is swept from -0.4 to -0.7V and from -0.7 to 1V, 

respectively. For Pt electrode, the current density increased from 0.36 mA/cm2
 at -0.4V, 
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by 2.5 mA/cm2
 and 3.15 mA/cm2

 from when voltage is swept from -0.4 to -0.7 V and from 

-0.7 to 1V, respectively.  It is worth noting that at -1V, the two electrodes' current densities 

are comparable. However, with the increase in the voltage, Pt electrode results in a 

significant increase in H2 production as compared to BTNT as shown in Figure 24. This 

is due to a higher activity of the Pt electrode, where an increase in current density enhanced 

the reaction rate. On the other hand, BTNT showed less H2 production than Pt electrode, 

which indicates that the electrode has a limited activity to drive the reduction reaction. 

From Figure 24, the maximum H2 concentration was 35 and 10 ppm at -1V for Pt and 

BTNT, respectively.   

 

Figure 23: Comparison Current density versus time of representative experiments with Pt 

and BTNT. 
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Figure 24: H2 concentration at different voltages as detected by the RGA (Pt vs. 

BTNT) 

The analysis of CO2 reduction reaction products using FTIR revealed the presence 

of free CO stretching frequency at ~2100-2200 cm-1
, which confirms the activity of the 

two electrodes (Acree et al.). As shown in Figure 25, at a low potential of -0.4V, the two 

electrodes did not produce any CO, which indicates that the onset potential for CO2 

reduction to CO is not reached. On varying the voltage from -0.4 to -0.7V, CO stretching 

is observed for Pt electrode, while for BTNT, it is observed at -1V. Moreover, CO 

stretching intensity increases with the applied voltage which is clearly observed for the Pt. 

In all cases, BTNT showed lower intensities compared to Pt, indicating lower rate of CO 

production. This essentially means that BTNT electrode requires a higher overpotential 

for driving the CO2 reduction reaction. 
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Figure 25: CO detection by FTIR while the inset shows the zoomed-in area of 

interest 

5.1.5. Influence of Electrolyte Concentration and Stirring Rate 

The electrochemical CO2 to syngas is influenced by the applied voltage/current 

density, mass transfer limitations, electrolyte concentration, and electrocatalyst (Gattrell 

et al., 2006). The applied voltage effect is visible in the above discussion, where higher 

voltages led to higher H2 and CO (Figure 24 and Figure 25). Increasing the current density 

can be through the applied voltage or electrolyte concentration. More concentrated 

electrolytes have more ions for charge transport. Two electrolyte concentrations were 

studied (0.1M and 0.5M) KHCO3, where the current density at higher concentration is 

almost twice the lower concentration, as depicted in Figure 26. This increase in current is 

reflected in the H2 rate increase of around 66% more in the concentrated electrolyte. 
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However, on a visual inspection of gold cathode, the darker shade in the 0.5M electrolyte 

is related to the deactivation of electrocatalyst, which also explains the faster decrease in 

current density by 6.1mA/cm2 at 0.5M compared to a decrease of 2.4 mA/cm2 at 0.1M. 

The cathode deactivation can occur due to metals deposition from electrolyte impurities 

or surface-bound intermediates (Ahangari et al., 2020). To mitigate this phenomenon, 

0.1M electrolyte solution was used for all the electrochemistry experiments. Promoting 

mass transfer is one way to enhance the adsorption/desorption of reactants/products from 

active sites (Goyal et al., 2020). This explains the observed increase in H2 upon higher 

stirring, as shown in Figure 27. 

 
 

Figure 26: Effect of concentration on H2 and current density (I) with the change of 

gold cathode color after the reaction 
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Figure 27: Effect of stirring on H2 

 

5.2. Environmental and Economic Analysis 

After the proof of concept for using BTNT in electrochemical CO2 conversion to 

syngas, the economic impact of replacing BTNT with Pt is investigated. From the 

experimental analysis and based on the H2 concentration from using both electrodes, the 

Pt is at least 3.18 times more active than BTNT. This is a rough estimate as it does not 

include the durability of the material. Nonetheless, based on the metal cost per weight, the 

Pt (43 $/g) is 390 times more expensive than titanium (0.11 $/g) (Industries, 2021; 

Johnson, 2021). It is expected that the cost gap is less than 390 times when the cost of the 

BTNT synthesis is added, however, the BTNT will still be cheaper since the synthesis 

method developed in this study has the advantage of being low cost and non-energy 

intensive. Therefore, the BTNT is a promising material to reduce the overall cost of the 

electrochemical system. 
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 Moreover, the developed experimental setup is assessed in terms of sustainability 

and compared to commercialized electrochemical systems from Siemens and Dioxide 

Materials companies. As shown in Figure 10, there are two scenarios: scenario (a) uses 

one electrolyzer to convert CO2 and H2O streams to syngas at the specified ratio; and 

scenario (b) uses two electrolyzers: one to convert CO2 to CO and the other to produce H2 

from H2O. Scenario (a) is studied by two cases: the experimental setup and Siemens 

reported syngas electrolyzer and scenario (b) is studied through a commercial CO 

electrolyzer developed by Dioxide Materials company coupled with a commercial H2 

electrolyzer.  To conclude the analysis, a preliminary sensitivity study is implemented to 

highlight the most crucial parameter and set the targets for the future commercialization. 

The sustainability assessment and the comparative analysis are based on the total CO2 

emissions and the operating cost. 

Table 7 shows the comparison of literature-reported electrochemical systems with 

the experimental setup. The experimental setup has the highest emissions and operating 

cost because of the low conversion. The lower conversion increases the CO2 stream 

demand. The experimental setup is inherently limited by the slow diffusion of CO2 to the 

electrocatalyst and the CO2 solubility. This limitation can be overcome by direct contact 

of the gas-phase with the cathode through the use of gas diffusion electrodes (GDEs) 

(Higgins et al., 2019).  Siemens and Dioxide Materials systems use more efficient 

electrochemical cells based on GDEs that can achieve higher currents and conversions. 

Therefore, their CO2 emissions and the operating cost are lower than the experimental 

setup. Dioxide Materials system resulted in negative CO2 emissions which means the 
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system is converting more CO2 than the emitted. The lower CO2 emissions and costs of 

this system is because of its higher energy efficiency translating to lower electricity 

demand.  

Table 7: Total emissions and cost comparison 

Electrochemical Cases Scenario Total emissions 

(kgCO2/kgsyngas) 

OPEX 

($/kgsyngas) 

Experimental setup Direct step 56.59 28.52 

Siemens Direct step 0.78 2.89 

Dioxide Materials  Dual step -0.21 1.36 

To compare with conventional benchmark the work of Afzal et al. was used from 

which the dry methane reforming (DRM) has total emissions of 0.03 kgCO2/kgsyngas and  

OPEX of 0.065 $/kgsyngas (Afzal et al., 2018).  The only system that has less emissions 

than DRM is the Dioxide Materials system. Afzal et al. calculated the OPEX for DRM, 

assuming that the CO2 stream is available at zero cost (Afzal et al., 2018). The CO2 stream 

for electrochemical CO2 reduction requires treatment since a high purity is required, 

therefore it is considered at a cost of 30$/ton (De Luna et al., 2019). As shown in Table 7, 

all the analyzed electrochemical systems resulted in higher OPEX compared to 0.065 

$/kgsyngas of the DRM. The main factors contributing to this higher OPEX are renewable 

electricity price and energy efficiency confirming previous techno-economic assessments 

(Adnan et al., 2020; De Luna et al., 2019).   

A sensitivity study was conducted to understand the impact of different parameters 

(i.e., current density, energy efficiency, faradaic efficiency, and reduction of CO2 to CO) 

on CO2 emissions and the electrochemical systems' total cost. The base case is assumed 

as a direct syngas system, and its specifications are as shown in Table 8.  
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Table 8: Base case used for the sensitivity analysis 

Parameter Base 

Current density (mA/cm2) 120.0 

Applied voltage (V) 2.5 

Overpotential (V) 1.2 

Faradaic efficiency 50% 

Energy efficiency 53% 

Conversion 20% 

Price of CO2 ($/kg) 0.03 

Electrolyzer Cost ($/m2) 1840 

Price of electricity ($/kWh) 0.07 

To compare the effects of different parameters, only one parameter was varied at 

a time while the rest was at the base case value. The change was fixed at either a high 

value which is 50% more than the base value, or low, i.e., 50% less than the base value. 

Figure 28 and Figure 29 show that energy efficiency is the most critical parameter for total 

emissions and total cost. Energy efficiency is related to overpotential (extra voltage above 

equilibrium potential to drive reaction), which is the bottleneck of improving the process. 

Faradaic efficiency highlights the difference between direct and dual-step systems. For 

high faradaic efficiency, a second electrolyzer is required to supply H2. For low faradaic 

efficiency, extra H2 is produced, which can generate revenue, but increases the separation 

cost to alter the syngas ratio. Assuming the revenue from H2 normalizes separation cost, 

dual-step minimized emissions and cost compared to a direct-step process. At lower 

faradaic efficiency, H2 is produced inefficiently from syngas electrolyzer, which has lower 

energy efficiency than commercial H2 electrolyzer. The conversion of CO2 to CO had a 

significant impact on emissions because of the CO2 stream emissions, while current 

density did not have an impact on emissions as it only affects electrolyzer area. Finally, 

the effect of conversion and current density appears to be equivalent on total cost.  
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In comparing the impact of varying CO2 prices, electricity, and electrolyzer, an 

increase or decrease in CO2 price or electrolyzer cost by 50% affects total cost by 6%, 

while electricity price affects total cost by 37%. Pushing energy efficiency to 70% and 

lowering electricity price to 4 cents/kWh is still insufficient for the base case to have lower 

OPEX than DRM. Hence, an incentive is required for the electrochemical system to break 

even with DRM. This can be through carbon credits, where the minimum is calculated to 

be 0.28 $/kgCO2 to achieve an OPEX of 0.06 $/kg syngas for net CO2 fixation of 0.86 

kgCO2/kg syngas. 

 

Figure 28: Effect of varying energy efficiency, faradaic efficiency, and conversion on the 

total CO2 emissions. 
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Figure 29: Effect of varying energy efficiency, faradaic efficiency, and conversion on the 

total cost.  

Starting from the base case as in Table 8, and to use the developed experimental system 

which has a conversion of 0.15%, 128 cells connected in series are needed to reach a conversion 

of 20% and each cell will have an area of 1.04 m2. The outlet stream will need to go through a 

separation process to separate the syngas from the CO2 which is then recycled back to the cells. 

The net fixation of CO2 from this process will be -0.47 kg CO2/ kg syngas. Currently, Siemens is 

developing a pilot scale for production of syngas from CO2 consisting of 10 cells where the area 

of the cell is 300 cm2 giving a total area of 3000 cm2 (Hubertus, 2020). 
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6. CONCLUSIONS  

The main contribution of this study that it proves the capability of the BTNT to 

drive the CO2 reduction to syngas through a developed electrochemical setup. This has 

been achieved after following the described methods. In summary, BTNT was 

successfully obtained with highly ordered nanotube structures using an anodization-

electrochemical reduction approach. This specific synthesis approach is chosen based on 

its potential scalability due to its simplicity yet effectiveness to obtain the desired 

characteristics. Also, this approach can easily be integrated in a sustainable scheme based 

on renewable energy as it uses electricity as the main energy source. The confirmation of 

the desired morphology and crystallinity was done using SEM and XRD characterization 

techniques which compared the TNT and BTNT and showed the similar nanotubular 

morphology and crystalline structure. These results also confirmed that both the 

morphology and crystalline structure were preserved after the reduction reaction. The 

change on the BTNT due to the reduction reaction is highlighted by the XPS results which 

shows a shift in the Ti2p peaks to lower binding energies. This shift indicates that Ti4+ 

moved to a lower oxidation state (Ti3+) by gaining electrons during the electrochemical 

reduction step. Through the electrochemical tests, BTNT showed higher conductivity and 

photocurrent density compared to the white TNT. This superior performance is attributed 

to the Ti3+ presence. The synthesized material has also shown more activity in producing 

H2 as compared with TNT. The highest performance is achieved in acidic conditions 

where the maximum percentage based on the gas sample volume reached 5.15% at an 

average current density of 1.75 mA/cm2. Then, the BTNT was investigated as an anode in 
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an electrochemical cell with a gold cathode to produce a mixture of CO/H2. A qualitative 

model based on FTIR and RGA was used to prove and compare the capability of the BTNT 

to produce CO/H2 with Pt. The results indicated that the minimum voltage for the BTNT 

to drive the CO2 reduction to CO is -1V while the Pt requires -0.7V. Moreover, the H2 

concentration as detected by the RGA and the intensity of CO stretching from the FTIR, 

were lower for the BTNT as compared with the Pt at the same voltage. This concluded 

that the overpotential for the BTNT is higher than the Pt and further enhancement on the 

activity is required to obtain comparable performance. 

From the experimental analysis and based on the H2 concentration as detected by 

RGA, the Pt is at least 3.18 times more active than BTNT however, Pt is almost 390 times 

more expensive than BTNT. The huge difference in price encourages the development of 

an electrochemical system based on BTNT despite the lower activity. The sustainability 

of the experimental setup to produce CO/H2 using BTNT, was assessed based on CO2 

emissions and cost. The comparison showed that due to the low CO2 conversion, the setup 

had higher emissions and OPEX. The electrochemical systems have higher operating cost 

compared to DRM, which is mainly due to their large energy demand considering the cost 

of renewable electricity.  

Through the sensitivity study, it is found that the critical parameter is the 

overpotential which needs to be substantially lowered to decrease both costs and 

emissions. For the electrochemical systems to have lower OPEX than DRM, an incentive 

is necessary. Therefore, to make electrochemical CO2 to syngas economically attractive, 

policies that support the deployment of renewable energy and the utilization of CO2 are 
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vital. Nevertheless, scaling up this system can offer a mobile solution which is a viable 

way to store the intermittent renewable energy into chemical bonds. With the status of the 

developed experimental setup and to boost the conversion a scaled-up system can be 

comprised of 128 cells where each cell has an area of 1.04 m2 followed by a separation process. 

The unconverted CO2 after the separation process is recycled to the cells. The net fixation of CO2 

from such a scaled-up system will be -0.47 kg CO2/ kg syngas for a production of 1071.43 kg 

syngas/day. Finally, as will be detailed in the recommendations, there is room for improvement 

especially on enhancing the activity of the BTNT and the overall efficiency of the system.   
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7. RECOMMENDATIONS FOR FUTURE STUDIES 

Following the conclusion of this work, several opportunities for future studies are 

recommended to achieve the ultimate goal of commercializing BTNT based systems for 

CO2 conversion and water splitting. The first recommended step is the modification of the 

BTNT to enhance its activity and this can be done by several methods such as localized 

surface plasmon of metals into the BTNT (Paul et al., 2018) or incorporation of conductive 

materials and electron acceptors such as carbon nanotubes (Naffati et al., 2020) or 

graphene (Padmanabhan et al., 2021). These modifications are expected to further 

facilitate charge mobility, reduce the electron/hole recombination, and narrow the 

bandgap. Moreover, detailed investigation to establish the relationship between the 

performance and the BTNT characteristics is encouraged through other characterization 

techniques such as Transmission electron microscopy (TEM) and  Brunauer-Emmett-

Teller (BET) surface area analysis. Also, it is recommended to study and estimate the 

electrochemically active surface area (ECSA) to provide accurate comparison with 

literature reported and benchmark materials.  

Following the modification of the BTNT, testing its performance in 

photoelectrochemical cell based on gas diffusion electrodes is important to improve the 

current density of the system and utilize the photocatalytic ability of the BTNT. 

Furthermore, this system should be connected to a sensitive gas chromatography to allow 

precise measurement of the produced syngas. In addition, to the gaseous analysis, liquid 

analysis through Nuclear magnetic resonance spectroscopy (NMR) is important for the 

calculation of the faradaic efficiency.  

https://www.iitk.ac.in/che/pdf/resources/BET-TPX-Chemi-reading-material.pdf
https://www.iitk.ac.in/che/pdf/resources/BET-TPX-Chemi-reading-material.pdf
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In the current study, the used cathode was gold however, for the future scalability, 

cheaper alternatives that have comparable selectivity towards CO are needed, and this is 

an active research area (Cheng et al., 2018). Finally, a detailed sustainability analysis 

where the pretreatment of the CO2 source and the downstream processes involving the 

produced syngas to yield a the desired end product such as methanol should be considered.  

It is worth mentioning that BTNT has also a potential in many other applications 

where TiO2 is being investigated including water treatment, dye-sensitized solar cells, 

batteries, and supercapacitors. For further details the reader is encouraged to refer to the 

cited review paper (Ullattil et al., 2018).  
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APPENDIX A 

OPTIMIZATION OF TIO2 NANOTUBE 

A.1. Optimization of white TiO2 nanotubular structure 

This section shows the changes in morphology with pretreatment methods and 

anodization conditions. The titanium sheet was either used as it is, polished by sandpaper, 

or etched by oxalic acid. Then, the sheet was further cleaned with ultrasonication. We 

varied the anodization conditions for the electrical voltage 30 and 50V and in a time 

interval of 1 to 5h. Then, surface characterization was used to investigate the resulting 

morphology. Figure 30 shows SEM results for surface morphology of the samples 

obtained at four different conditions. In Figure 30a, at 30V and 3h, nanodots' formation is 

observed. A mixture of nanotubes and nanorods was formed at 50V (as shown in Figure 

30c and 33d) suggesting that the transformation to a nanotube structure requires longer 

than three hours to evolve to nanotubes. Titanium sheet cleaned only by ultrasonication 

produced a uniform nanotube structure when anodized at 30V for 5h, as shown in Figure 

30b.  
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Figure 30. Surface morphology of the samples at different conditions: (a) and (c) 

are pretreated by chemical etching with oxalic acid followed by ultrasonication (b) 

only ultrasonication, and (d) with sandpaper followed by ultrasonication. 

A.2. The effect of annealing temperature variation  

In this section, several samples were prepared at the same anodization conditions 

while changing the annealing temperature from 300 to 600˚C. Then the samples were 

electrochemically reduced before characterization using SEM and XRD. The visual 

observation of the effect of annealing that the color of the samples ranges from light brown 

to bluish-grey as the temperature was increased. The SEM shows a nanotubular 

morphology for the different samples and around the same pore diameter. However, in the 

XRD, there is a phase change at 600˚C, where the rutile phase starts to appear. The 

characteristic peak at 25.5˚ is attributed to anatase crystalline phase and it is the sharpest 

at 400˚C. Therefore, this temperature was chosen as the optimized temperature for uniform 

anatase phase(Mohamed et al., 2015). 
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Figure 31: TNT samples after annealing 

 

Figure 32: SEM to show the morphology of BTNT where the inset represents the 

characterized sample 
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Figure 33: XRD patterns for BTNTs at different temperatures 
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APPENDIX B 

DETAILED SUSTAINABILITY CALCULATIONS 

B.1. Assumptions 

1. CO2 stream is purified from flue gas consisting of 3vol% CO2 from a natural gas 

midstream facility (Afzal et al., 2018). 

2. For the experimental setup, an overpotential of 0.3V for the anode reaction was 

assumed then the cell potential was calculated and used for the EE%.  

3. The conversion percentage in the literature reported systems is needed for 

calculating the CO2 amount. It is usually not reported; thus, it was calculated as 

follows: 

𝑋% =  
𝐹𝐸%(𝐶𝑂)×𝐶𝑂(𝑚𝑎𝑥)

𝐶𝑂2𝑖𝑛

 …………………………………[B- 1] 

Where, the maximum CO is obtained from faraday's law of electrolysis: 

𝐶𝑂(𝑚𝑎𝑥)(
𝑚𝑜𝑙

𝑠
) =  

𝑗𝐴×10−3

𝑛𝐹
………………………………[B- 2] 

4. The conversion in the experimental setup was calculated from detected H2 and the 

maximum dissolved CO2. The dissolved amount was calculated from the solubility 

(30mM in the water at 25C and 1atm) (Martín et al., 2015). 

5. The operating cost includes the costs of electricity, the balance of plant, and raw 

material costs (i.e., CO2 gas). 

6. The balance of the plant is taken to be 10% of the electricity costs (Adnan et al., 

2020). 

B.2. Calculations steps 

1. Reactions in the system: 
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 Reaction Equilibrium potential (V) 

At the anode 2H2O → O2  +  4H+ + 4𝑒− 1.23 

At the cathode CO2 + 2H+ + 2𝑒− →  CO + H2O -0.103 

2H+ + 2𝑒− → H2 0 

Overall CO2 + H2O →   CO + O2 + H2 -1.333 

For the overall reaction, the equilibrium potential is calculated by (Ciobanu et al., 2007) 

∆𝐸° = 𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒
° − 𝐸𝑎𝑛𝑜𝑑𝑒

°…………………………………[B- 3] 

2. The area of the electrolyzer based on the production target can be calculated: 

𝐴 =
𝑁×𝑛×𝐹

𝑗
………………………………………………….[B- 4] 

Where N= total syngas flowrate (mol/s) 

3. The CO number of moles were calculated from stoichiometry (1:1) and the 

conversion: 

𝑁𝐶𝑂2
=

𝑁𝐶𝑂

𝑋%
………………………………………………….[B- 5] 

4. The total energy requirement is divided by the energy efficiency (EE%) of the 

electrolysis as follows:  

𝐸 =
1.1×𝑉×𝐽×𝐴×𝑡

𝐸𝐸%
……………………………………………..[B- 6] 

The formula is multiplied by 10% to account for the balance of the plant. 

5. Subsequently, the emissions are calculated by multiplying the amount of 

electricity with the factor as reported in  

6. Table 3:  

𝐶𝑂2 𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 𝑜𝑓 𝑃𝑉 𝑝𝑎𝑛𝑒𝑙𝑠 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦(𝑘𝑊ℎ) × 𝑓𝑎𝑐𝑡𝑜𝑟 (𝑔𝐶𝑂2/𝑘𝑊ℎ) 

7. The emissions from the CO2 source are obtained using the factor in  

8. Table 3 as follows:  

𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑓𝑟𝑜𝑚 𝐶𝑂2 𝑠𝑜𝑢𝑟𝑐𝑒 =  𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐶𝑂2 (𝑘𝑔) × 𝑓𝑎𝑐𝑡𝑜𝑟 (𝑔𝐶𝑂2/𝑘𝑔𝐶𝑂2) 

9. 𝑇ℎ𝑒 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝐶𝑂2 𝑖𝑠 = 𝑋 × 𝑁𝐶𝑂2 ×  𝑀𝑤 (𝑔/𝑚𝑜𝑙). 

10. Finally,  

𝑇ℎ𝑒 𝑡𝑜𝑡𝑎𝑙 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 =  𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑓𝑟𝑜𝑚 (𝑃𝑉 𝑢𝑡𝑖𝑙𝑖𝑡𝑦 +  𝐶𝑂2 𝑠𝑜𝑢𝑟𝑐𝑒)   −  𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝐶𝑂2 
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11. The electricity and raw material costs are directly obtained by multiplying the 

amounts into the price from  

12. Table 3. 

13. The below parameters were calculated from the specifications of each experiment 

and used in the above calculations.  

Calculated 

parameters 

Experimental 

setup 
Siemens  

Dioxide 

Materials  

EE% 60% 37% 45% 

X% 0.2% 30% 20% 

Ratio H2:CO 1.00 1.12 0.02 

Syngas kmol/day 71.43 75.83 71.43 

 


