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Bandgap Engineering of TiO, for Enhanced Selectivity in
Photoelectrochemical Glycerol Oxidation

Claudio M. Pecoraro, Siming Wu, Monica Santamaria, and Patrik Schmuki*

The application of photoelectrochemical cells to the partial oxidation of
biomass represents a promising avenue as a sustainable process for obtaining
valuable products. However, achieving both efficient conversion rates and
high selectivity of desired products remains a great challenge. In this study,
the photoelectrochemical oxidation of glycerol is investigated to produce
dihydroxyacetone (DHA) as the primary target using TiO, nanotubes (NTs) as
the photoanode. Nitrogen doping is used to modify the TiO, NTs, resulting in
enhanced visible light photoactivity in N-doped NTs. These N-doped NTs
exhibit a high selectivity toward DHA and show a remarkable faradaic
efficiency when irradiated with light at a wavelength of 450 nm, i.e., light that
excites N-related states in the band gap of TiO,. The N-doped material also
exhibits remarkable stability over prolonged reaction periods. The superior
performance of N-doped NTs can be attributed to the band-engineering effects
induced by nitrogen doping. Specifically, N-doping leads to an upward shift of
the valence band, thereby adjusting the exit energy levels of photogenerated
holes that result in a high selectivity toward glycerol conversion to DHA.

1. Introduction

The catalytic oxidation of glycerol, an abundant by-product
of biodiesel production, has attracted considerable interest
due to the versatile applications of its oxygenated deriva-
tives, such as aldehydes and ketones.'™ In particular,
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dihydroxyacetone (DHA) and glyceralde-
hyde (GA) are widely used in indus-
tries such as cosmetics, pharmaceuticals,
fine chemicals, and food production,l>~]
making the catalytic synthesis of these
compounds from glycerol an economi-
cally attractive proposition.l®-1% Conven-
tional industrial methods for producing
DHA and GA from glycerol through
thermo-catalysis require severe condi-
tions, such as high pressure and tem-
perature, and expensive noble-metal cat-
alysts (e.g., Pt, Au, Pd) along with ex-
ogenous oxidants like O, or H,0,.[1-13]

Photoelectrochemical oxidation pro-
vides a promising approach, which
combines both renewable feedstock
and green energy sources together
to make building-block chemical and
clean fuel at the same time. In PEC
systems, photoinduced electrons (e”)
and holes (h*) are generated and
migrate in the applied electric field, with electrons moving to the
cathode and holes migrating to the surfaces of the photoanode.
This results in reduction and oxidation reactions occurring at
these respective electrodes.['*1¢! Despite the numerous investi-
gations of PEC systems in water splitting,['-2%l and the degrada-
tion of organic pollutants,!*!~23] the investigation of PEC oxidation
of organic compounds is relatively poor. The great challenge in
PEC oxidation of organic compounds is to achieve high selectivity
toward desired products and high faradaic efficiency (FE).

TiO, has been established as the most widely used photoanode
due to its high photocatalytic activity, excellent stability, scalabil-
ity, low cost, and non-toxic nature.?*-28] However, its photovalue
in view in PEC glycerol is limited as the generated holes exiting
the electrode leave a high surface energy level that is sufficient to
form hydroxyl radicals (-OH) — this strong oxidation power typi-
cally leads to complete mineralization of glycerol to CO, or H,O,
thus strongly reducing the FE toward high value-added products
such as DHA and GA.

Therefore, in this study, we focus on improving the selectivity
and FE of PEC oxidation of glycerol by tuning the band struc-
ture of TiO, toward a milder oxidation condition. To achieve this
goal, we subject TiO, nanotubes to nitrogen doping treatment,
resulting in N-doped NTs. We then investigate the conversion of
glycerol to the target product DHA and the secondary product
GA using both undoped and doped TiO, photoanodes under UV
(365 nm) and visible light (450 nm) irradiation. Our results show
that nitrogen doping, as expected,[**% induces an upward shift
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Figure 1. a) SEM pictures of N-doped NTs. b) XRD patterns, c) IPCE spectra with the respective evaluation of the band gap in the inset, and d) XPS

spectra in the N 1s region of TiO, NTs before and after N-doping.

in the valence band and narrows the band gap. This allows the use
of lower energy light sources and most importantly it reduces the
oxidation power of photogenerated ht, and as a result, it leads to
a significantly improved selectivity toward DHA production and
a higher FE for glycerol oxidation.

2. Results and Discussion

TiO, N'Ts were first synthesized via anodization of Ti foil using g a
voltage of 60 V for 15 min in an ethylene glycol mixture (0.15 M
NH,F, 3 vol% deionized water) with a two-electrode configura-
tion, using the Ti foil as the anode and Pt foil as the cathode. Af-
ter the anodization step, the as-formed nanotube layers were sub-
jected to annealing in air at 450 °C for 1 h (bare N'T5). For nitrogen
doping, the samples were exposed to an NH, flow in a quartz tube
at a furnace temperature of 450 °C for 1 h (N-doped NTs). Fur-
ther details for the N'Ts synthesis can be found in the Supporting
Information.

Figure S1 (Suppporting Information) shows the SEM images
of the bare NTs and Figure 1a shows the SEM image of the
N-doped NTs. Both bare NTs and N-doped NTs show a self-
organized structure with tubes averaging 8 um in length and
~60 nm in diameter,, i.e., No noticeable variation in morphol-
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ogy is observed after N-doping. Additionally, the XRD patterns of
both bare NTs and N-doped NTs (Figure 1b) show the character-
istic diffraction peaks at 20 = 25.3° and 48.1°, indicating the pres-
ence of the anatase phase.*'32 These results show that N-doping
has a minimal effect on the morphology and crystal structure of
TiO, NTs.

To characterize the effect of N-doping, we investigated the
photoelectrochemical behavior and light reflectance proper-
ties. Figure 1c shows the incident photon-to-current conver-
sion efficiency (IPCE) spectra for the TiO, NTs before and
after N-doping measured in 0.1 M Na,SO, at 0.5 V (vs Ag/AgCl).
In both cases, a maximum IPCE value of 50% is observed un-
der UV illumination at a wavelength of ~330 nm. In the visi-
ble light region, N-doped NTs lead to a tail photoresponse up
to 400-450 nm, well in line with the literature.?>**] If the data
is plotted according to an indirect optical transition (inset of
Figure 1c), a band gap (E,) of 3.15 eV can be determined for the
bare NTs, which is typical for anatase TiO,.3*] After N-doping, the
E, was determined to be 2.35 eV, which is generally attributed
to the shift of the valence band (VB) to a lower energy level by
N-doping.l**! Mott-Schottky (M-S) measurements were then con-
ducted to determine the flat band potential (Vig), and the re-
sults are depicted in Figure S2 (Suppporting Information) for
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Figure 2. a) production rate and b) FE of DHA and GA after 4 h of irradiation with 365 or 450 nm LED by using TiO, NTs before and after N-doping.
The final DHA/GA ratio is reported in c). d) stability test carried out by irradiating the N-doped NTs with 450 nm LED.

both the TiO, NTs before and after N-doping. In both cases, a
value of —0.7 V versus Ag/AgCl was obtained, aligning with find-
ings in the literature.[83637] UV—vis spectra (Figure S3, Suppport-
ing Information) further confirm the visible light adsorption of
N-doped NTs. XPS analysis is also performed to investigate the
chemical composition of the bare and N-doped NTs, the spectra
are shown in Figure 1d and Figure S4 (Suppporting Informa-
tion). For both bare and N-doped NTs, the Ti 2p spectra show the
Ti-doublet at 458.7 and 464.5 eV, and the O 1s XPS spectra show
one peak at 530 eV, which are attributed to the Ti-O bond., i.e.,
N-doping doesn’t affect the chemical state of Ti and O in TiO,.
In the N 1s XPS spectra (Figure 1d), a distinct peak at 399.8 eV
appears in the N-doped NT§, which in line with literature,®! can
be attributed to the incorporation of N atoms into the TiO, lattice,
forming an O-Ti—N structural feature. This observation suggests
that N atoms are doped by substituting oxygen atoms in the lat-
tice, rather than chemisorbed nitrogen species on the surface of
the TiO, NTs. In addition, an N doping amount of 0.7 at% is de-
termined by XPS.

The photoelectrochemical behavior of TiO, photoanodes was
investigated in a glycerol electrolyte under irradiation at wave-
lengths of either 365 or 450 nm, focusing on the selectivity to-
ward the glycerol oxidation products DHA and GA. Figure 2a and
Figures S5-S7 (Suppporting Information) illustrate the DHA and
GA production rates over bare NTs and N-doped NTs at a constant
potential of 0.5 V versus Ag/AgCl in a 0.1 M Na,SO, electrolyte
with 0.1 M glycerol over 4 h. The oxidation products were quan-
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titatively analyzed by high-performance liquid chromatography
(HPLC). A higher production rate of DHA over GA is observed
under all conditions, indicating a preferential conversion of glyc-
erol to the target product DHA. Under 365 nm irradiation, bare
NTs exhibit the highest production rate of DHA due to the intrin-
sic photoactivity of TiO, in the UV region. This is supported by
the photocurrent measurements, where bare N'Ts display higher
photocurrent than N-doped NTs under 365 nm LED illumina-
tion (Figures S5 and S6, Suppporting Information). A remark-
able difference is observed under 450 nm LED irradiation for N-
doped NTs., i.e., despite a decrease in photocurrent (Figures S7,
Suppporting Information), the FEs for both DHA and GA in-
crease significantly, with DHA showing a more pronounced rise,
reaching up to 27% and 11%, respectively (Figure 2b). This ob-
servation, in contrast to the efficiencies under 365 nm irradia-
tion where the FEs remained below 2% (see Table S1, Suppport-
ing Information), underscores a more effective charge utiliza-
tion in glycerol conversion under visible light by N-doped NTs.
The selectivity of DHA over GA was further evaluated by cal-
culating the ratio of their production (Figures S8, Suppporting
Information). Remarkably, N-doped NTs irradiated with 450 nm
LED exhibit the highest selectivity for DHA among all the con-
ditions, as evidenced by the calculated ratio of their production
detailed in Table S1 (Suppporting Information) and illustrated
in Figure 2c. Additionally, the results of photon-to-chemical con-
version efficiency (Table S2, Suppporting Information) show that
N-doped NTs under 450 nm irradiation achieve a comparable
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Figure 3. Photocurrent transients were recorded without a,c) and with 0.1 m glycerol b,d) by irradiating the TiO, NTs before and after N-doping with
365 or 450 nm LED. EIS spectra recorded without and with 0.1 m glycerol are reported in e,f), respectively, using TiO, NTs before or after N-doping and

irradiating the sample with 365 or 450 nm LED.

conversion of photons to chemicals compared to UV experi-
ments, despite the visible light utilization and exhibiting a lower
measured photocurrent.

The stability of N-doped N'Ts was also evaluated by 24 h long-
term experiments under 450 nm LED illumination, and the re-
sults are shown in Figure 2d. N-doped N'Ts show a consistent pho-
tocurrent and FE toward DHA and GA, and no structural changes
are observed in N-doped NTs after the test (Figure S9, Suppport-
ing Information), indicating their excellent stability.

To obtain some further insight into the different PEC glyc-
erol oxidation behavior of bare NTs and N-doped NTs, we per-
formed transient photocurrent measurement and electrochem-
ical impedance spectroscopy (EIS) under 365 and 450 nm LED
light irradiation in both aqueous and glycerol-containing solu-
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tion. The transient photocurrent results (Figure 3a,b) show that
under 365 nm LED irradiation, both bare and N-doped NTs expe-
rience an increase in photocurrent with the addition of 0.1 m glyc-
erol, confirming the role of glycerol as an effective hole-trapping
agent. However, bare NTs consistently exhibit higher photocur-
rents than N-doped NTs under these conditions. In contrast, un-
der 450 nm LED light, the photocurrent behavior diverges sig-
nificantly (Figure 3c,d). N-doped NTs exhibit a noticeable pho-
tocurrent that is further enhanced by the addition of glycerol,
confirming its visible light activity. Conversely, bare NTs exhibit a
negligible photocurrent that is unaffected by the addition of glyc-
erol. This contrast highlights the superior visible light response
of N-doped NTs. EIS measurements (Figure 3e,f; Figure S10,
Suppporting Information) show that light exposure significantly
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Figure 4. Sketch of the energetic levels of the oxide/electrolyte interface.

reduces the charge transfer resistance (R) for all samples, high-
lighting the critical role of irradiation in facilitating charge gen-
eration and transfer. In the presence of glycerol, there is a further
reduction in R, for both types of N'T5. In particular, under 365 nm
LED, bare NTs show the lowest R, while under 450 nm they
show the highest R ,. Meanwhile, N-doped NTs maintain low R,
values under both wavelengths, confirming their effective charge
transfer properties, especially under visible light. These results
illustrate that the improved PEC glycerol oxidation performance
in N-doped NTs is due to the high visible light utilization and
enhanced charge transfer efficiency for the N-doped material.

Based on the above data (details in the Supporting Infor-
mation), an energetic sketch was constructed and is shown in
Figure 4 to illustrate the impact of N-doping on the band struc-
ture and the resulting photoelectrocatalytic effects. The prefer-
ential formation of DHA over GA during glycerol oxidation can
be attributed to the lower oxidation potential of DHA (0.44 V vs
Ag/AgCl) compared to GA (0.58 V vs Ag/AgCl), determined con-
sidering the Gibbs free energy found in the literature**! (more
details are reported in the Suppporting Information). This results
in a lower energy input required for the partial oxidation of glyc-
erol to DHA, thus favoring its selective formation.

As indicated by the band alignment, both water splitting and
glycerol oxidation are energetically favorable processes for bare
and N-doped NTs. However, the energy level of the VB in bare
NTs is higher than the energy required to generate -OH, facili-
tating the production of these highly reactive radicals. This leads
to the preferential oxidation of glycerol to smaller, more oxidized
products, ultimately resulting in the complete mineralization of
glycerol to CO, and H, and consequently low FE for DHA and
GA. In contrast, the VB of N-doped NTs is below the energy re-
quired to generate -OH, which suppresses the formation of these
radicals and thus shifts the glycerol oxidation pathway toward the
production of partial oxidation products such as DHA and GA.
The suppression of -OH radicals under 450 nm light irradiation
in N-doped NTs was further examined through a -OH scavenger
degradation test using tert-butanol,[*?) as shown in Figure S11
(Suppporting Information). Under 365 nm light irradiation, tert-
butanol degradation was similar in the case of both bare and N-
doped NTs. Notably, N-doped NTs irradiated with 450 nm light
show negligible tert-butanol degradation, suggesting minimal
hydroxyl radical formation. This implies that the valence band
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holes are not sufficiently oxidizing to produce hydroxyl radi-
cals, enabling selective partial oxidation of glycerol to DHA and
GA, thereby improving faradaic efficiency for these high-value
products. Therefore, modifying the electronic band structure of
TiO, by nitrogen doping effectively tunes the reaction pathway
of glycerol oxidation and increases the selectivity of the oxidation
products.

3. Conclusion

In this study, we investigated the efficiency of N-doped NTs for
the photoelectrochemical oxidation of glycerol to produce DHA
and GA. The N-doped NTs exhibit superior FE under 450 nm ir-
radiation, with 27% for DHA and 11% for GA. They also show
remarkable long-term stability. The key factor behind this perfor-
mance is the significant shift in the valence band energy caused
by N-doping, which effectively narrows the band gap. This ad-
justment allows for the harvesting of visible light and suppresses
the formation of hydroxyl radicals, thereby reducing undesired
complete glycerol mineralization. In summary, the results high-
light the effectiveness of the bandgap engineering approach to
modify the selectivity of electrochemical reactions on semicon-
ductors. This method can effectively fine-tune the performance
of PEC oxidation reactions of organic compounds, thereby im-
proving selectivity and, as shown for glycerol oxidation, facilitat-
ing the production of high-value-added products.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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