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Herein, we show that unmodified titanium electrodes bearing the
naturally-forming native Ti,O, coating display superior activity for
the electroreduction of oxalic acid to glyoxylic acid and glycolic
acid compared to Ti-based electrodes that have been deliberately
modified for this purpose, in terms of both oxalic acid conversion
and overall yields of reduced products.

Oxalic acid holds considerable promise as a sustainable
chemical feedstock because it can be directly synthesised from
carbon dioxide gas with high selectivity through electrochemical
or catalytic methods."* Oxalic acid is used in various industrial
processes as a precursor to other chemicals, including glyoxylic
and glycolic acids. During the electrochemical reduction of
oxalic acid, Amin et al.® reported that oxalic acid is first reduced
by two electrons to give glyoxylic acid. Glycolic acid can then be
produced by further reduction in a sequence of concerted two-
proton, two-electron transfers (Fig. 1).*

The electrochemical reduction of oxalic acid is important for
sustainable chemical synthesis, as it transforms oxalic acid into
valuable products like glyoxylic acid and glycolic acid without
the need for fossil fuel-derived substrates.*®

Glyoxylic acid and glycolic acid are added-value chemicals
predicted to have a combined global market of over one billion
US dollars by 2025.”° Glyoxylic acid is widely used as an
intermediary component in the production of various chemi-
cals, including pharmaceuticals, dyes, plastics, cosmetics and
assorted food and personal care products.”' Glycolic acid has
multiple uses as an o-hydroxy acid: it is used as a whitening
and tanning agent in textiles, a flavouring agent in food, and
a biodegradable monomer in thermoplastic polymers like
polyglycolic acid (PGA), which is often used in therapeutic
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devices.®>'" Therefore, electrolytic oxalic acid reduction is of
considerable importance for net-zero chemical synthesis, but
finding the right electrode material and catalyst for an efficient
reaction remains challenging.

Materials like lead, graphite and dimensionally stable cath-
odes have limitations, including deactivation, low current
efficiency, poor selectivity for the products of interest, and
insufficient conductivity.">"® Therefore, there is a need to
explore alternative materials for efficient electroreduction of
oxalic acid to glyoxylic acid and glycolic acid. To this end,
titanium is considered a promising material for oxalic acid
reduction due to its durability, low cost, and non-toxicity. Its
thin yet robust oxide coating protects the underlying metal
whilst maintaining high electrode conductivity. This partially
amorphous titanium oxide protective layer possesses self-
healing properties, rapidly re-forming in the event of damage,
as reported by Wang et al.'* This protective layer, consisting of
various titanium species (Ti(u), Ti(u), and Ti(iv)), has oxygen
vacancies, and is herein referred to as Ti,O,. Through loss of
oxygen atoms from their crystalline lattice, titanium suboxides
demonstrate exceptional electrical conductivity and notable
visible light absorption properties, displaying diverse colours.
These inherent properties facilitate ion and charge transport,
making titanium suboxides well-suited for various applications
in electrocatalysis."”™*® The chemical inertness thus afforded to
titanium electrodes allows them to perform electrochemical

processes in harsh environments without degradation.
Q
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Fig. 1 A pathway showing the reduction of oxalic acid to glyoxylic acid
and glycolic acid. Colour code: white = hydrogen, red = oxygen, grey =
carbon.
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Table 1 Average faradaic efficiency, oxalic acid conversion, percentage yields and current densities for the electrochemical reduction of oxalic acid on

titanium electrodes for 2 hours at 25 °C

Faraday efficiency

(%) Yield (%)

Applied potential Working Oxalic acid Glyoxylic ~ Glycolic  Glyoxylic Glycolic Average current
Entry (V vs. RHE) [Oxalic acid] (M) electrode conversion (%) acid acid acid acid density (mA cm™?) Ref.
1 —0.8 0.1 TNT — 45 38 — — -7.0 13
2 —-0.9 0.1 TNF — 17 38 — — -9.0 13
3 -1.0 0.1 TNP — 20 22 — — —6.0 13
4 —0.9 0.03 TiNT-60 6.8 51.1 43.8 4.7 2.1 —-1.4 8
5 -1.0 0.03 TiNT-HS 25.5 25.0 61.0 11.3 14.2 —-2.6 8
6 —0.8 0.03 TiO,/Ti-M 23.0 — 50 — — 20
7 —0.6 0.16 PTS-500 — 49 51 16 8 — 22
8 —-0.8 0.03 TiO,-NTF — 26 15 — — —-4.0 21
9 -1.0 0.03 g-C3N,/TiO,-NTF — 12 76 — — —4.5 21
10 —0.6 0.03 Ti/native oxides 38.4 43.0 32.8 27.3 10.5 —=5.1 This work

Key: TNT = TiO, nanotubes, TNF = TiO, nano-flakes, TNP = TiO, nano-powders, TiNT-60 = titanium oxide nanotubes, prepared by anodic oxidation
with an ageing time of 60 minutes, TINT-HS = hydrothermally-synthesised titanium oxide nanotubes, TiO,/Ti-M = titanium oxide-titanium mesh
electrode, PTS-500 = porous titanium oxide spheres calcined at 500 °C, TiO,-NTF = titanium oxide nanotubes ordered in thin films, g-C;N,/TiO,-
NTF = titanium oxide nanotubes ordered in thin films mixed with graphitic carbon nitride.

Titanium electrodes coated with native oxides have been found
useful in a number of electrochemical organic syntheses."®
However, despite several studies on the electrochemical
reduction of oxalic acid using different carefully synthesised
titanium oxides as catalysts,®'*2°22 all reports to date have
suffered from low oxalic acid conversion and poor glyoxylic acid
and glycolic acid yields.

Herein, we examined the catalytic effect of the native oxides
of titanium in oxalic acid reduction at different applied poten-
tials. The optimal performance was recorded at an applied
potential of —0.6 V vs. RHE. Table 1 presents this headline
result, together with some previous results from the literature
on oxalic acid reduction on different forms of titanium electro-
des under similar conditions and experimental durations. It is
noteworthy that we have, in this work, recorded the best
performance in terms of oxalic acid conversion, cumulative
isolated yield of glyoxylic and glycolic acids, and selectivity
towards glyoxylic acid (entry 10 in Table 1) on a Ti-based
electrode in a three-electrode configuration reported to date.

The electrochemical reduction of oxalic acid was conducted
in the H-cell set-up depicted in Fig. S1 in the ESL.f Chronoam-
perometric experiments were performed for 2 hours at each
applied potential. At the end of every experiment, the liquid
products from the cathodic compartment were sampled and
analysed by high-performance liquid chromatography (HPLC).
A chromatogram showing the reduction of oxalic acid to
glyoxylic and glycolic acids is presented in Fig. S2 in the ESL¥
The resulting current densities, faradaic efficiencies, oxalic acid
conversion and percentage yields of the products obtained at
different potentials are presented in Table S1 in the ESL.f From
Fig. 2(a), it can be seen that the current densities generally
increase with increasingly negative potential. However, the
optimal performance of the titanium electrode (Ti/Ti,O,) in
terms of oxalic acid conversion and product yield were found at
—0.6 V vs. RHE. The re-usability of the electrode was probed by
employing the same electrode in three successive bulk electro-
lysis experiments at —0.6 V vs. RHE, as shown in Fig. S3 (ESIT).

6004 | Chem. Commun., 2024, 60, 6003-6006

The current densities and the corresponding product yields
show only modest differences, suggesting that the electrode can
be re-used without significantly altering its behaviour. The
performance of the electrode was tested over a longer duration
of 12 h at applied potentials of —0.6 V (Fig. S4, ESI{) and —0.5 V
vs. RHE (Fig. S5, ESIt). In both cases, similar behaviour was
observed; namely, glyoxylic acid is the primary product in the
first hours of the reaction, but as the duration extends (and as
glyoxylic acid undergoes further reduction), glycolic acid
becomes the dominant product.>*>® Operating at —0.5 V vs.
RHE reduces conversions and yields a small amount but does
not fundamentally alter the reaction profile or the selectivity for
either product to a significant degree.

At potentials more negative than —0.6 vs. RHE, the faradaic
efficiency tends to drop, as depicted in Fig. 2(b). This is most
likely because of competitive hydrogen evolution or further
conversion of the products to by-products. This at least partly
accounts for why the faradaic efficiencies are generally less than
100%.%° At —0.6 vs. RHE, the conversion of oxalic acid was
38.4% =+ 1.85, and the cumulative faradaic efficiency was
75.8%, corresponding to 43.0% = 2.78 and 32.8% = 2.46 for glyoxylic
and glycolic acid production, respectively (Table 1, entry 10).

2 2 (a) —@-05V 100} (b) [ Glycolic acid
S ol —@-06V S ] Glyoxylic acid
T —@-07V el [
E 3 e
>0 <
BTN 'S 60
gL £
W—MM R
2 s} .:_; 40 ] —
; 8 MMN B
10}
0
0.5 1.0 1.5 2.0 05 06 o7
Time (h)

Potential (V vs RHE)

Fig. 2 (a) The current densities of titanium electrodes at three different
applied potentials (—0.5V, —0.6 V and —0.7 V vs. RHE) and (b) the average
faradaic efficiency for production of glyoxylic and glycolic acids during
bulk electrolysis of 0.03 M oxalic acid for 2 hours, using Ti foil as a working
electrode and Pt foil as a counter electrode in an H-cell at 25 °C.
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This conversion is slightly higher than that reported by Abramo
et al.,® which gives the highest previously reported value (of
25.5%) for oxalic acid conversion on modified titanium electro-
des, albeit at a more negative applied potential (Table 1,
entry 5).

To properly understand the stability of (and any potential
changes in) the native oxides of titanium, the electrodes were
subjected to various analyses before and after electrolysis.
Firstly, cyclic voltammetry was obtained on an electrode before
and after 12 h of bulk electrolysis at —0.6 V vs. RHE. This
revealed only modest changes in the voltammogram’s profile
compared to the pre-electrolysis state, as depicted in Fig. S6
(ESIY).

Additional analysis was then performed using X-ray diffrac-
tion (XRD), X-ray photoelectron spectroscopy (XPS), ellipsome-
try, atomic force microscopy (AFM), electrochemically active
surface area (ECSA) determination, and electrochemical impe-
dance spectroscopy (EIS). The XRD patterns in Fig. S7 of the
ESIf exhibit multiple distinct peaks associated with pure tita-
nium and its naturally occurring oxides (Ti/Ti,O,), alongside
titanium’s anatase or rutile crystalline structures.>”*® However,
additional diffraction peaks with relatively low intensities were
also observed, corresponding to oxygen-deficient forms of
Ti,Oy-type species.>® These peaks are indicative of shear planes
in the crystal structure and are commonly referred to as
suboxides.’®*" A confirmatory check was made by matching
and extracting the spectral data from the XRD database of
titanium (JCPDS: 1512547) confirming the presence of TiO,
(JCPDS: 9004144), Ti,O (JCPDS: 1532773), TizO5 (ICSD: 98-001-
5894),* and Ti O, (ICSD: 98-001-9017),%** which are electri-
cally conductive Ti oxides.*”

Similarly, XPS was employed to detect the composition of
the titanium oxides on the electrodes. The high-resolution
spectroscopy results of Ti*" are shown in Fig. 3(a and b). After
deconvolution, there are two main peaks into which all other
peaks were resolved (at the binding energy levels of 454.5 eV
and 458.4 eV), representing Ti'" 2P;, and Ti'" 2Py,
respectively.® Fig. 3(c and d) illustrates that the O 1s core level
spectrum exhibits main peaks at 530.1 eV for 0", 532.0 eV for
Ti~OH, and 533.0 eV for Ti-H,0,** showcasing slight variations
in these binding energies among different metal oxides. These
peaks are ascribed to metallic oxides (Ti-O bonds)***® and are
consistent with the binding energy of O,  in the TiO,
lattice.>**” Fig. S8 of the ESI{ presents the full XPS spectrum
of the titanium electrode. A peak at about 580 eV (assigned to Ti
2s) in the spectrum grows after electrolysis. Both the Ti 2p and
Ti 2s peaks originate from Ti metal.*® This observation is
consistent with the idea that the titanium oxide layer becomes
thinner during electrolysis (allowing underlying Ti metal to be
more clearly detected) and agrees with the ellipsometry results,
which also suggest a decrease in the thickness of the oxides.

Ellipsometry measurements of the electrode showed a
decrease in the thickness of the native oxides from 48.4 +
0.4 nm before electrolysis to 17.9 £ 1.5 nm after electrolysis, as
depicted in Table S2 (ESIf). The reduction in the thickness of
the native oxides of titanium after electrolysis could be due to

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Deconvoluted XPS spectra of the titanium electrode (a) Ti 2p
spectra before electrolysis, (b) Ti 2p spectra after electrolysis, (c) O 1s
spectra before electrolysis, and (d) O 1s spectra after electrolysis.

the etching of the oxides by the acid,’>*® or else to the
reduction of part of the oxide to the metal during electrolysis.
The electrode’s ellipsometry fitting model is represented in Fig.
S9 of the ESIL.t Atomic force microscopy (AFM) analysis was
performed to determine the roughness and morphology of the
surface of the electrode before and after electrolysis. The root
mean square roughness of the electrode (R,) increased from
35.2 nm before electrolysis to 49.7 nm after electrolysis, as
shown in Table S3 of the ESI.t This would be consistent with
mass transfer and diffusion processes occurring on the surface
of the electrode during electrolysis. AFM 3D-topography images
of the surface of the electrode before and after the electrolysis
are presented in Fig. 4.

The electrode’s electrochemically active surface area (ECSA)
was determined by cyclic voltammetry at different scan rates
ranging from 10 mV s~ to 1000 mV s~ (see Fig. S10 of the
ESIT). Thereafter, the double-layer capacitance (Cpy) and spe-
cific capacitance (Cg) of the electrode were evaluated using
eqn (S6) and (S7) in the ESIL i respectively. Subsequently, the
ECSA value was computed using eqn (S5) (ESIT), and the value
of 1.49 cm™? was obtained.

Electrochemical impedance spectroscopy (EIS) of the elec-
trode was employed to analyse the interfacial behaviour and to
determine the electrochemical parameters on the electrode
surface, under optimal conditions during electrolysis at
—0.6 V vs. RHE. Fig. S11 of ESI} shows the electrochemical

0.60 pm

0.00 pm
Qv
y N0

Fig. 4 AFM analysis of titanium electrode surfaces (a) before and (b) after
electrolysis.
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responses of the titanium electrode before and after electrolysis.
The electrode exhibits smaller semicircles after electrolysis com-
pared to the pre-electrolysis state. This decrease suggests better
conductance of the electrodes after electrolysis. This phenom-
enon is consistent with some of the oxide layers being removed,
perhaps by in situ reduction at the applied cathodic potentials,
which is in agreement with the XPS and ellipsometry data. The
equivalent circuit model and the electrical parameters of the
proposed equivalent circuits obtained after fitting the EIS data
are presented in Fig. S12 and Table S4 of the ESL

In conclusion, this work presents the first evaluation of the
catalytic effect of the native oxides of titanium (Ti/Ti,O,) in the
electrochemical reduction of oxalic acid. This native oxide-
coated electrode showed superior performance in terms of
oxalic acid conversion and cumulative (glyoxylic + glycolic)
product yield compared to other (deliberately) modified
titanium-based electrodes in a three-electrode system. The
surface morphology, oxide thickness, physical and electroche-
mical stability of the native oxides were examined using XRD,
XPS, EIS, AFM, and ellipsometry. Despite minor changes and
the reduced oxide thickness observed after electrolysis, the
native oxide-coated electrode produced glyoxylic and glycolic
acids in good yield compared to previously reported Ti-based
systems. These results, in turn, suggest that unmodified Ti
electrodes bearing the naturally forming native Ti-oxides on
their surface are competent for oxalic acid reduction and that
deliberate modifications to the Ti surface may be unnecessary
for acceptable performance.
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