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Blue TiO2 Nanotube (b-TiOz) as a Support Material Electrode in a Photoelectrochemical

Cell for Nitrogen Fixation

Muhammad Igbal Syauqi!?, Grandprix TM Kadja2>d and Jarnuzi Gunlazuardi32*

Abstract: We have been developing an artificial photosynthesis device based on a photoelectrochemical cell to convert N, to NH3 in a
greener way as an alternative to the Haber—Bosch process, which requires high energy and releases a huge amount of CO; this device
consists of a dark cathode and photoanode. An electrode material that can absorb nitrogen and weaken its chemical bond is necessary
for the dark cathode, while a photoanode material that can absorb visible light and have an intrinsic oxidation potential to split water is
necessary. Currently, we are developing blue TiO; (b-TiO,) and CoO4 modified b-TiO, for both electrode materials. b-TiO, was synthesized
by the electrochemical reduction of TiO, nanotubes in aqueous solution, whereas TiO, nanotubes were prepared using the electro-
oxidation technique. The synthesized b-TiO, exhibited a bandgap shift to 2.96 eV and an increase in conductivity owing to the presence
of Ti3* species. The addition of CoOy to b-TiO, shifted the bandgap to 2.70 eV and increased its oxidative performance, as shown by the
negative shift of the water oxidation onset potential and the 13.55% increase in RhB degradation under visible light and 500 mV external
bias. Furthermore, when used in tandem as a dark cathode and photoanode, the device can convert N, to NH3 up to 0.0063 umol h-1cm-1!
without external bias and 0.0128 umol h-cm~1 with 500 mV external bias.
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1. Introduction
N, fixation to ammonia is a relevant process from an industrial

perspective because of the high demand for the product and the
abundant and cheap resources. However, owing to the high
activation energy required to break the N=N bond, the direct
utilization of N3 for chemical synthesis is a difficult task (Keane et
al. 2015). The only industrial way to fix nitrogen is the Haber—
Bosch process, which produces ammonia from N; and Hy; it needs
extreme conditions (450°C, 300 bar) and produces high CO,
emission as the hydrogen source used in the reaction comes from
burning fossil fuel (Falcone et al. 2018).

Recently, using photocatalytic and electrocatalytic pathways, it
is possible to achieve N, to NH3 conversion in ambient conditions
(Ye et al. 2019). A catalyst that could selectively and efficiently
absorb and weaken N=N such as oxygen vacancy (OV) in the metal
oxide (Hirakawa et al. 2017), metal nanoparticle (Zheng et al.
2019), or molecular catalyst (M. Li et al. 2018) is necessary for the
process. The hydrogen source comes from H,O; for the energy
source, rather than thermal energy, electricity or photon energy
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is used to generate electrons and holes for the redox reactions of
N, and H,0 to produce NHs (J. Yang et al. 2018).

Among all the photoelectrocatalysts, TiO; is one of the most
popular materials developed because of its low toxicity, good
chemical stability, low price, and superior photocatalytic activity.
TiO, matrix contains a certain amount of OV and Ti3* that could
act as an active N; binding site so that the photocatalytic
conversion of NH3 can occur (Hirakawa et al. 2017; M. Li et al.
2018). However, many challenges remain for full-potential solar
applications owing to TiO, high bandgap energy and high
recombination rate (Gupta and Tripathi 2011). One of the ways to
overcome this challenge is to perform self-doping reduction
under suitable conditions to enhance Ti3* and OV populations in
TiO,. The result will be blue-colored TiO; (b-TiOz) with higher
photoactivity in the visible light and infrared region, more Ti3*/OV
population, and far better conductivity than pristine TiO, (Ullattil
et al. 2018; Yu, Nguyen, and Lee 2018) (G. Zhang et al. 2020). For
example, in the electrolysis approach, Zhang et al. used a TiO,
nanosheet on a Ti substrate as the cathode at 0.7 V vs. SHE. During
electrocatalytic fixation, the Ti3* and OVs, which act as N, active
sites, are generated in situ on TiO;, enabling N, to NHs conversion
with ayield of 9.16 x 1071 mol s7* cm~2 (R. Zhang et al. 2018). In
the photocatalysis technique, rutile TiO, with a surface defect was
used by Hirakawa et al. to produce NH3 from N in UV light with a
yield of 0.062 mg h-1 g1 (Hirakawa et al. 2017). However, further
improvements in the photocatalyst and electrocatalyst systems
are required to enhance the conversion efficiency, selectivity, and
durability to compete with the well-established Haber—Bosh
process.

One of the strategies provided is using a photoelectrochemical
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(PEC) cell that combines the privilege of photocatalysis (infinite
source of light energy) with better charge separation during
electrolysis. Moreover, cell efficiency could be further enhanced
by coupling the PEC cell with the optimized PV cell (Ali et al. 2016).
Generally, devices consist of a photocathode that absorbs N,
while generating electrons in contact with a light source and a
counter electrode that undergoes an oxidation reaction. For
example, Li et al. reported that a PEC system constructed by
TiO2/Au/a-TiO, photocathode with a Pt counter electrode
achieves 1.34 x 10~8 mol h™1 cm~2 NH3 yield without external bias
(C. Li et al. 2018). In another case, Ye et al. used a MoS,@TiO>
photocathode with an external bias of 0.3 V vs. RHE to convert N,
to NH3 with an excellent yield of 1.42 x 10-°*mol h- cm~2(Ye et al.
2019).

However, despite its enormous potential, the work of N, fixation
using PEC systems has rarely been explored. In an attempt to
explore the potential of b-TiO; as a support material electrode in
a PEC system, we constructed a PEC system with a different
construction with a common PEC N; reduction cell. By altering the
b-TiO, nanostructure to a nanotube form, the materials will have
a higher surface area and better electron transport owing to their
porous 2D channeling electron properties (Kang et al. 2008); thus,
they are projected to be good base electrodes in PEC systems for
N reduction. Two b-TiO, nanotubes will be used in tandem as the
dark cathode and photoanode in PEC cells. Inspired by
photosynthesis phenomena, the light reaction is for water
oxidation at the photoanode, while the reduction reaction is
protected from light and undergoes pure electrochemical
reduction. In this way, the materials used can be more varied as
the risk of N, catalyst to degrade by photoreaction decreases. As
a photoanode, the oxidative properties of b-TiO, should be
highlighted as it will oxidize the water to produce electrons and
H* ions as materials for NH3 production. Thus, we introduced
CoOx species as a co-catalyst to enhance the photooxidation
properties of b-TiO, (Ramakrishnan et al. 2016; Y. Yang et al.
2018). Furthermore, the electron that is gained by the
photoanode will be transferred via an external circuit to b-TiO; at
the dark cathode, which was exposed by N, gas, whereas upon
absorption a conversion of N; gas to ammonia occurred.

2. Materials and Methods

Materials

Titanium sheets (99.78% pure) were obtained from Sigma-
Aldrich. Ethylene glycol, ethanol, methanol, sodium sulfate,
hydrofluoric acid, nitric acid, NH4F, Co(NOs),.2H,0,
rhodamine-B were obtained from Merck Millipore. Deionized

and

water (Millipore analytical grade) was used in almost all the
experiments.

Preparation of Blue TiO, Based Electrodes

The titanium sheet was anodized at a distance of 1.5 cm vs. the
stainless steel electrode in an ethylene glycol solution containing
NH4F (0.3% wt.) and H,0 (2% v) under a constant potential of 40
V at room temperature (25°C). After 45 min, the as-anodized TiO,
was cleaned with deionized water, dried in open air, and calcined
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at 450°C for 2 h in air. The synthesis of b-TiO, was carried out by
the electrochemical reduction of annealed TiO; at 1.5 V vs.
Ag/AgCl in Na;SO4 0.1 M solution for a certain time (20, 40, and
60 min). To enhance the photoactivity at the anode, the sample
with the optimum reduction time was doped with CoOy using the
photodeposition method. The synthesized b-TiO, was dipped in
0.01 M Co(NOs), in methanol solution for 2 h and then exposed to
UV light for another 2 h. The samples were then characterized in
an electrochemical working station. The morphologies of the
samples were examined by SEM. The crystalline phase was
determined by XRD (SHIMADZU XRD-6100) with Cu K B radiation
(A =0.15406 nm) at 40 kV and 30 mA. UV-Visible (UV-Vis) diffuse
reflectance spectroscopy of the electrodes was carried out using
a spectrophotometer (Agilent) with BaSO4 as the standard. In this
work, we evaluated the performance of b-TiO; as a dark cathode
for nitrogen fixation and as a photoanode for dye degradation.

Activity Test of b-TiO, as a Photoanode

The degradation of RhB in an aqueous solution with a
concentration of 10 mg/L (25 mL solution with 0.1 M Na,SO, as a
supporting electrolyte) in a quartz reactor was used to evaluate
the PEC performance of the anodes. The blue TiO; anode and Pt
rod cathode were immersed in the solution at a distance of 1.5
cm. The degradation was conducted using a halogen lamp as a
light source under 0.5 V external bias (vs. Ag/AgCl) and continuous
stirring. A UV-Vis spectrophotometer (UV-Thermo-Scientific)
was used to measure the absorbance of the solution and the
degradation rate of RhB. For comparison, the degradation due to
photolysis and external bias addition was determined using the
same apparatus but with stainless steel as the anode.

Ammonia Evolution Measurement by a PEC Cell

The activity of the PEC cell was determined by the cell’s ability
to convert nitrogen to ammonia. The photoanode and dark
cathode were placed in an H-type quartz reactor, as depicted in
Figure S1. The cathode and anode chambers were separated using
a Nafion membrane containing 75 mL Na,SO4 0.1 M solution in
both chambers. The b-TiO, electrode for the dark cathode was
connected to the negative pole of the power supply, while the b-
TiO,/CoOx photoanode was connected to the positive pole.
Before the reaction, the system was bubbled with N, flow (100
mL/min) for 30 min to remove the dissolved air from the solution.
During the reaction, the photoanode was exposed to a halogen
lamp with an intensity of 30000 lux, whereas the dark cathode
was protected from light exposure and was exposed to high-
purity N gas, at 100 mL/min flow rate. The chamber of the H-type
reactor, which contained the dark cathode, was connected to a
chamber containing 0.01 M HCl as the ammonia absorber. An
aliquot of the reaction solution and HCl as NHs; absorber was
taken out after the 4-h reaction. As a comparison, we prepared a
reaction control performed under the same conditions but
without light exposure. Furthermore, we performed another
comparison by introducing a 500-mV external bias to the system
while the photoreaction occurred (photoelectrofixation). The
ammonia concentration was determined using the phenate
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method, in which 5 mL aliquots were reacted with 200 pL phenol
solution, 20 pL sodium nitroprusside, and 500 pL of NaOCI. The
mixture was rested for 2 h before being measured with a UV-Vis
spectrophotometer at 640 nm.

3. Results and Discussion

Synthesis of Blue TiO, Nanotube Arrays (b-TiO>)

The preparation of the b-TiO, electrode consisted of two steps:
synthesis of TiO; nanotube arrays by anodization of the titanium
sheet followed by calcination and electrochemical reduction of
the TiO; nanotube arrays to obtain b-TiO,. The profile of the
anodization current density over time shows a typical profile that
leads to the formation of the nanotube morphology of TiO,,
consisting of three stages of current change (Figure 1a): the first
stage (l) is the formation of a compact oxide layer, which is
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indicated by the sudden drop of the current density in the system.
The second stage (Il) is the dissolution of the oxide layer, which
creates a hole that later dips to form tube arrays. The current
density profile in this stage was indicated by increasing the
current until at a certain time; a steady current density was
observed. The steady current density belongs to the third stage
(1) in which the reaction between dissolution and formation of
TiO, reaches equilibrium; this stage determines the tube length.
This current density profile of the nanotube array formation was
confirmed by the obtained SEM image (Figure 3a), which shows
that the nanotube morphology was observed with a diameter of
57.53 + 8.33 nm and tube length of 4.13 um. After being calcined
at 450°C for 2 h., the obtained gray TiO, nanotube arrays were
subjected to electrochemical reduction for 40 min to obtain blue
TiO,.
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Figure 1. Current density profiles of the anodization process (a), material characterizations by FTIR (b), cyclic voltammetry in Na;SO4 0.1M
(100 mV s~1vs. Ag/AgCl) (c), and XRD (d).

Reducing TiO; electrochemically generates an OV, which can be
ascribed to the decrease in the intensity of the Ti-O-Ti peak at
850-720 cmin FTIR measurement (Figure 1b). The reduction
process also gives the exact difference in the cyclic voltammetry
profiles of TiO, and b-TiO,. As shown in Figure 1c, TiO, exhibits
high resistance at a high potential, leading to a low current;
hence, the curve exhibits a pinched shape. b-TiO, exhibited
capacitive curves with rectangular shapes. The difference is due
to the increase in conductivity, which can be attributed to the
trapped electrons at Ti3* sites generated by cathodic polarization
(zhu et al. 2018).

The XRD measurements, as shown in Figure 1d, indicated that
there was no significant change in the XRD pattern after
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reduction. The sample was in good agreement with anatase TiO>
(JCPDS, PDF 84-1286), indicating that the electrochemical
reduction did not change the crystal phase, which is consistent
with previous reports (Kim et al. 2016; H. Li et al. 2014; Zhu et al.
2018).

When electrochemically reduced, the gray TiO, became black,
indicating the formation of Ti3*. However, immediately after the
electrochemical reduction stopped, the black color gradually
disappeared until it reached an equilibrium state where the color
of TiO, became blue (Figure 2a). This might be caused by the re-
oxidation of some Ti3* sites when they come into contact with
oxygen in the air (Kim et al. 2016).
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Figure 2. Pictures of bare TiO,, black TiO,, and b-TiO; electrodes (a) and UV—Vis DRS spectrum of TiO; and b-TiO, with various reduction
times (b).

The presence of Ti3* (defect oxygen) in TiO, will increase the
conductivity and photocatalytic activity in the visible light region;
however, too much defect will decrease the activity owing to the
formation of electron recombination sites and the possibility of
destroying the crystal morphology (Hong et al. 2019). To optimize
the Ti3* population in b-TiO,, the reduction times of 20, 40, and 60
min were varied. Figure 2b shows the absorbance profile of each
sample analyzed by the UV—Vis DRS. Pristine and blue TiO, exhibit
intrinsic absorption at wavelengths below 400 nm. The visible
light absorption of TiO, may be caused by light scattering because
of pores or cracks in the nanotube arrays (Zhu et al. 2018). The
reduction treatment generally gives a slight decrease in the UV
region absorption, resulting in the enhancement of visible light
absorption. To study more about the effect of reduction time on
the photoactivity of b-TiO,, the photocurrents in both the UV and
VIS regions were measured by employing a three-electrode
system cell, where TiO,, Pt rod, and Ag/AgCl were used as the
working, counter, and reference electrodes, respectively, in 0.1 M
Na,SO4 electrolyte. As shown in Table 1, the reduction resulted in
a redshift effect in the bandgap from 3.23 eV to approximately
3.00 eV. There is no significant difference in the bandgap shift and
photocurrent with the length of the reduction time, indicating
that there is a limitation for the deposition of Ti3* in the anatase
phase using the cathodic process (Hong et al. 2019; Kim et al.
2016; Zhu et al. 2018).

The photocurrent in the visible region increased with the
reduction time, reaching a maximum at 40 min and decreasing at

60 min reduction, whereas photocurrent in the UV region
decreased. This phenomenon can be ascribed to the increasing of
Ti3* population that leads to a narrower bandgap, thereby
resulting in a visible light shift of its activity over time reaching its
maximum at 40 min and reduction becoming excessive at 60 min
reduction time. The decrease in photocurrent in the UV region
may also be caused by the distorted tube morphology and the
generated OV owing to the excessive reduction process. As shown
in SEM observation in Table 1 and Figure 3, the reduction time
generally did not change the morphology; however, it was
observed that cathodic exposure under a given condition
decreased the tube diameter, which can be clearly observed at
the 60-min reduction time. This finding agrees with a previous
report on excessive electrochemical reduction leading to
morphological distortion (Zhou and Zhang 2014). This observation
may have caused the decrease in photocurrent in the UV region,
besides the increase in the Ti3* population; it also explains the
abnormally high absorption of b-TiO, observed in the visible
region spectrum (Figure 2b), which might not be caused by light
absorption but also by the scattering effect. Regardless of the
result, for the next application of b-TiO,, we used a 40-min
reduction time because it gave the highest photocurrent in the
visible lowest the minimum

region, the bandgap, and

morphological change.

Table 1. Effect of time reduction on the properties of b-TiO2

Sample  TiO; reduction time Bandgap (eV) Photocurrent UV (uA/cm2) Photocurrent VIS (WA/cm2) Tube diameter Tube length
(min) (nm) (nm)
TiO 0 3.25 15.25 0.88 57.53+8.33 4.13
b-TiO, 20 20 2.97 13.32 1.26 56.22 +12.83 4.15
b-TiO,40 40 2.96 12.50 1.46 54.67 £12.12 4.12
b-TiO, 60 60 3.02 11.77 1.36 48.50 + 13.80 4.13
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Figure 3. SEM images of pristine TiO, nanotube arrays (a) and b-TiO, with 20 min (b), 40 min (c), and 60 min (d) reduction times. The inset
shows a cross-section of each sample.

Characterization and Activity Test of b-TiO,/CoO, Photoanode

To enhance the electrode’s ability as a photoanode material,
we introduced CoOy species using a photodeposition method.
Figure S2 shows that the XRD pattern of the b-TiO,/CoOx sample
did not show the CoOy peak; this indicates that the amount of
cobalt deposited was less than 7% wt (Amer, Ghanem, and
Arunachalam 2019). Nevertheless, the presence of cobalt in the
sample can be determined by FTIR measurements and indicates
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the bandgap calculation results. The Tauc Plot of b-TiO,/CoOy
(Figure 4a) shows two bandgaps: 3.00 eV and 2.70 eV, which
b-Ti0; and CoOx species, respectively.
Furthermore, the FTIR measurements show absorption peaks at
approximately 525, 575, 650, and 680 cm™! that are ascribed to
the occurrence of Co304 species (Y. Li et al. 2016) (Tang, Wang,
and Chien 2008).

correspond to
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2,70 / 3.00
0 ¢
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Figure 4. Characterization of b-TiO,/CoOy by Tauc Plot (a) and FTIR (b)

The ability of the synthesized materials to oxidize water and to
degrade organic dye using RhB as a model compound was
examined. Figure 5a shows the anodic linear sweep voltammetry
results for each sample in an aqueous solution from 0 V to 2 V
with a scan rate of 100 mV sL. It is observed that introducing Ti3*
and CoOy to TiO; could shift the onset potential of water oxidation
closer to zero, indicating that water oxidation becomes easier in
the presence of Ti3* and CoOy (Y. Yang et al. 2018). Figure 5b
shows the RhB degradation rate under a 500-mV external bias
potential. With an 80-min degradation time, photoelectrolysis
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using a stainless steel electrode contributed to 5% of the dye
degradation, whereas TiO,, b-TiO,, and b-TiO,/CoO, degraded
RhB at 29.1%, 40.2%, and 46.5%, respectively. This result indicates
that introducing Ti3* to TiO, matrix can increase the degradation
performance by 27.61%, while CoOy addition adds 13.55% more
from b-TiO,. This result is in agreement with previous research
(Ramakrishnan et al. 2016; Ullattil et al. 2018; Y. Yang et al. 2018),
which reported that introducing Ti3* and CoOyx to TiO; could
greatly increase the photoanode activity.
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Figure 5. Anodic linear sweep voltammetry to determine the onset potential for water oxidation: 0.1 M Na,SO4, Pt Rod vs. Ag/AgCl (a). RhB
degradation rate at different electrodes (b).

Photoelectrochemical Cell Performance Measurements
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Figure 6. Schematic diagram of the PEC system (a). Result of nitrogen fixation after 4 h (b).

Figure 6a shows a schematic diagram of the PEC cell used in
the experiments. Two chambers separated by a Nafion
membrane were used with 10 cm? surface area electrodes.
When the light was turned on, the electrons on the b-
TiO,/CoOy photoanode were excited to the TiO, conduction
band and then transferred to the dark cathode by the
external circuit. The migrated electron leaves a hole (h*) on
the surface of the photoanode; this hole oxidizes water to
produce oxygen and protons. The generated protons migrate
through the Nafion membrane to find a dark cathode. Then,
when the electron and proton from the photoanode meet
the “activated nitrogen” on b-TiO,, the conversion of N; to
NHs occurs. The OV in b-TiO; can absorb and activate the
strong N=N bonding to the hydrazine intermediate, which
leads to easier breaking of the bonding, resulting in a
conversion reaction (Hirakawa et al. 2017; M. Li et al. 2018).

As shown in Figure 6a, the ammonia production process
was conducted in the HCI solution container and reactor
solution chamber. The results in Figure 6b shows that NHs3
detected the under photofixation and
photoelectrofixation experimental
compared to the results in the HCl chamber; this means that
the majority of NH3 generated was transferred to the HCI
container via N, bubbling. In the HCI solution chamber, no
NHs; was detected when no light or bias potential was
provided. However, a substantial amount of NH; was
detected (total 0.2509 umol NHs after 4 h reaction) when the
light was turned on under a 0 mV bias potential, equal to
0.0063 umol h-1 cm~1. To ensure that the detected NH3 was

in reactor

conditions was low

61

from the reaction, the NH3 concentration from the control
(light off with no bias) was measured. The result showed that
NH; detected was below the detection limit, indicating that
the reaction indeed from N, fixation.
Furthermore, the addition of 500 mV external potential gave
a better result with 0.5104 umol NHs generated after 4 h,
equal to 0.0128 umol h-t cm™1. This result proves that adding
power to the system can lead to a higher NHs result. The
external potential increased the kinetics of the reaction by
providing more electrons to the cathode site (T. Li et al.
2017).

Compared with other works, as shown in Table S1, this work
is inferior. This may be owing to the photoanode ability,
which has not yet reached the optimum composition.
However, the potential to further improve this device is still
vast. By further optimizing the dark cathode’s Ti3*/OV
population, the photoanode’s ability to perform
photooxidation, and the external bias input, this device can
still be improved. In future applications, instead of using
electricity, employing solar cells as a natural power provider
will be a better approach so that this system can operate
without any electrical source.

originated

4. Conclusion

Blue TiO, nanotubes synthesized by self-doping electrochemical
reduction in an aqueous Na,SO4 solution have better conductivity
and visible light activity than pristine TiO,. The introduction of the
CoOy species into b-TiO, was successful and resulted in the
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formation of Co304, thus creating a more powerful oxidation
catalyst matrix. This was demonstrated by the negative shifting of
the water oxidation onset potential and the enhancement of RhB
degradation, which reached 46.5% in only 80 min. The
combination of b-TiO,/CoOy as the photoanode and b-TiO, as the
dark cathode in the PEC cell resulted in the conversion of N; to
NHs. With a 10 cm? electrode area, just by the electron supplied
from the photoanode, the system gives 0.2509 umol NHs after a
4-h reaction. The addition of 500 mV external bias gives a better
result under the same reaction conditions; the addition of
external potential gives 0.5104 pmol NHs. This result shows that
blue TiO, has great potential as an electrode in PEC artificial
photosynthesis cells for nitrogen fixation to ammonia.
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