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In this work, the direct use of transparent conducting oxides (TCOs) as
cost-efficient anodes for the iodide oxidation reaction (IOR) is explored.
Energy-saving hydrogen production assisted by the IOR is demonstrated
using a hybrid water electrolysis system with FTO as the anode and Pt-
wire as the cathode. The hybrid system delivers 10 mA cm™2 at a cell
voltage as low as 1.15 V with the faradaic efficiency for H, found to be
~91%. This study may open avenues for developing novel systems that
integrate the IOR with other high-value reduction reactions.

Hydrogen (H,)-based energy systems are promising for producing
clean and sustainable energy owing to its high gravimetric heating
value (141.9 mJ kg™ ") and zero emissions on combustion."” H,
production can be sustainable if generated through water electro-
lysis using renewable energy sources." However, the anodic oxygen
evolution reaction (OER) is a bottleneck in water splitting owing to
inherently high energy demand due to its multi-step multi-electron
nature, which is known to limit the efficiency of water electrolysis.
If the OER is replaced with thermodynamically more readily oxidiz-
able molecules (whose oxidation potential is lower than the OER)
such as alcohols,* hydrazine,” urea,® benzylamine,” hydroxymethyl-
furfural (HMF),® etc., then energy-saving H, production can be
realized.’ These hybrid water electrolysis systems are capable of
generating H, and high-value products concomitantly.” The iodide
oxidation reaction (IOR) to iodine (I) is one such reaction whose
thermodynamic potential is 0.54 V vs. NHE in acidic medium,'**
which is ~700 mV lower than that of the OER, and thus may lead to
facile H, production when hydrogen evolution reaction (HER) is
integrated with the IOR.'®* Recently, the electrocatalytic IOR has
attracted significant attention for achieving energy-saving H,
production.’ In addition, the product of the IOR, for instance, I,
is a high-value chemical and widely used in the hygiene industry,

pharmaceuticals, chemical synthesis, etc.'°'* in comparison to less
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economic oxygen which is the product of the OER in traditional
water electrolysis. Earlier studies on IOR have reported the use of
materials which are either not cost-efficient or require stringent
experimental conditions.'**”% The continuous quest for the devel-
opment of novel and cost-efficient electrocatalysts prompted
researchers to alleviate the dependency on noble-metal based
materials in energy conversion devices. Transparent conducting
oxide (TCO)-based materials, namely fluorine doped tin oxide
(FTO), indium-tin oxide (ITO), and antimony-doped tin oxide
(ATO), have been extensively used for various applications.> TCOs
are typically degenerately-doped wide band gap (3 eV) semiconduc-
tors possessing fascinating properties, such as high optical trans-
parency (>80% at 550 nm for FTO) in the visible region of the
electromagnetic spectrum, low electrical resistivity (~10~* Q em for
FTO), etc.">" The majority of the studies use TCOs as conductive
supports. For instance, FTO based electrodes have been used as
transparent conductive substrates in solar cells, and organic light
emitting diodes (OLEDs)."” Additionally, the TCOs find their exis-
tence in polymer electrolyte membrane (PEM) fuel cells, however as
a conductive support for electrocatalysts.'* In other words, modified
FTO/ITO based TCOs have been extensively studied for (photo)elec-
trochemical applications. However, it is noteworthy that the direct
use of TCOs as an electrocatalyst is scarce.’>'® The direct use of
TCOs may attract attention due to the possibility of realizing
practical applications, considering the commercial availability of
large area FTO electrodes. Additionally, the direct use of transparent
FTO provides scope to develop photoelectrochemical IOR systems
that can be integrated with the HER or CO, reduction reaction
(CO,RR). Herein, the direct use of TCOs, namely FTO and ITO, in
pristine form as an electrocatalyst for the IOR is studied. In addition
to the high conductivity offered by TCOs, the appreciable stability of
TCOs, especially of FTO in acidic environments,">"” led us to choose
TCOs in the present study. The ability of FTO for the IOR is studied
and installed the same as anodes for the first time in hybrid water
electrolysis that couples the HER and IOR.

The as-obtained commercial TCOs such as FTO and ITO coated
glass substrates after thorough cleaning were used as electrodes in
the present study. The basic characterization studies were carried
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out to ensure the characteristics of the FTO and ITO electrodes.
Fig. S1 (ESI{) shows the XRD pattern of FTO, which matches well
with the cassiterite phase of SnO, (JCPDS file no. #00-41-1445). The
XRD pattern of ITO consisted of reflections corresponding to SnO,
(JcpDS file no. #00-41-1445) and In,O; (JCPDS file no. #00-006-
0416), as expected.'® The Raman spectra of FTO and ITO show
characteristic Raman bands at 115, 435, 556, and 772 cm ™ * which
are assigned for the By, E,, E, and B,, modes, respectively for
cassiterite SnO, (Fig. S2, ESIt)." Fig. S3 (ESIt) shows the morphology
of the FTO and ITO coated glass substrates obtained from field
emission scanning electron microscopy (FESEM) images.
Electrochemical activity of FTO and ITO coated glass substrates
were studied in Ar-saturated 0.1 M HCIO, at 25 °C in a standard
three-electrode system. Pre-cleaned FTO/ITO coated glass was
directly used as the working electrode (WE), and a saturated calomel
electrode (SCE) and graphite rod acted as the reference electrode
(RE) and counter electrode (CE), respectively. Fig. 1a represents the
iR-corrected (80%) linear sweep voltammograms (LSVs) depicting
OER and IOR activity when the measurements were carried out in
the absence and presence of Nal, respectively. It is noted that the
potential required to observe OER currents is very high indicating
that FTO is not an efficient OER electrode. However, in the presence
of Nal, the voltammograms show a clear and dominant oxidation of
iodide at low potentials, signifying the fact that FTO can oxidize I
to L. It is observed that the FTO electrode requires a potential of
~1.04 V vs. RHE to reach the benchmark current density of 10 mA
cm™? for the IOR. Table S1 (ESIf) presents the comparison of the
performance of FTO for the IOR with some of the recently reported
electrocatalysts. Furthermore, it is observed that the currents
increase with increase in the concentration of Nal, confirming that
the currents originated in the presence of Nal are due to IOR at the
FTO surface (Fig. 1b). The LSV measurements with lower concen-
trations of I shown in Fig. S4 (ESIt) indicate that FTO is capable of
oxidizing even low concentrations of I". It should be noted that by
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Fig. 1 iR-corrected (a) linear sweep voltammograms obtained using FTO with
(red) and without (black) 1 M Nal in 0.1 M HCIO,4, (b) variation of the
voltammograms with concentration of Nal, (c) voltammograms recorded when

1 M Nal dissolved in different electrolytes. The scan rate used was 5 mV s~
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replacing the OER by IOR, the potential required to reach
1 mA cm ? can be significantly lowered by ~1.65 V. The data
clearly suggest that the IOR can be a potential alternative to the OER
to realize energy-saving H, production. Furthermore, when the
electrode is pre-treated at 3.3 V vs. RHE (outside the stability limits
of FT0)*>" for 10 min prior to IOR measurements, the IOR activity
substantially decreased as the chosen potential is known to leach
out some of the Sn-ions from the FTO." As shown in Fig. S5 (ESI¥),
the potential required to reach 10 mA cm ™ is increased from 1.09 V
vs. RHE for pristine FTO to 1.51 V vs. RHE for pre-treated FTO,
suggesting the role of Sn-ions in dictating IOR activity. Additionally,
the ability of FTO towards IOR activity is further tested by carrying
out measurements in alkaline (0.1 M NaOH) solutions of Nal
(Fig. 1c), as the product of the IOR depends on pH.'*” For instance,
the product of the IOR at low pH is predominantly iodine (2I" —
I, +2e; pH ~ 1),"® while it is iodate when the IOR is performed in
high pH (I” + 60H™ — 10, +3H,0 + 6¢; pH ~ 13)'*” conditions.
As indicated with digital pictures in Fig. 1c, the generation of yellow
colour product formed at low pH conditions (in HCIO, medium)
confirms the formation of iodine (in the form of I;7), while it is
colourless at high pH conditions (in NaOH medium) as the product
formed is 105, which is colourless. It should be noted that the IOR
in alkaline medium requires higher potentials than that in acidic
medium due to the complex 6-electron process.'®'! Therefore,
further studies in the present study are not carried out in an
alkaline medium. The IOR studies performed using ITO coated
glass are given in Fig. S6 (ESIT). The data indicate that FTO and ITO
show comparable IOR activity, with ITO exhibiting relatively higher
current densities as compared to FTO. Electrochemical impedance
spectroscopy (EIS) data for the OER and IOR recorded using FTO
and ITO are given in Fig. S6(b) (ESIT). Among FTO & ITO, the radius
of the semicircle for the IOR is noted to be smaller for ITO
indicating the lower resistance for charge transfer at the electrode/
electrolyte interface than that of FTO. The Nyquist plot of the OER
for both FTO and ITO suggests a higher charge transfer resistance
than IOR, reconfirming the facile oxidation of iodide (0.54 V vs.
NHE) than water (1.23 V vs. NHE) on FTO and ITO electrodes.
Though ITO performed slightly better than FTO for the IOR, further
studies were carried out with FTO due to its relatively higher stability
than ITO in acidic environments.”>"” The stability aspects will be
discussed in detail in the subsequent section.

To gain insight into the reaction kinetics at the FTO/electrolyte
interface and the electron transfer, in situ EIS measurements were
performed in 0.1 M HCIO, with and without 1 M Nal at different
DC potentials (Fig. S7a and b, ESIt). As can be seen from the
Bode phase plots of the OER in Fig. S7a (ESIf), FTO showed no
frequency peak between 1.65 V and 1.9 V vs. RHE in 0.1 M HCIO,
without Nal. The commencement of a peak in the low-frequency
range started at ~1.95 V vs. RHE, which can be attributed to
the adsorption of oxygen active species on the surface and the
corresponding faradaic reaction (OER),>° complementing the LSV
results. After the addition of 1 M Nal (Fig. S7b, ESIY), the peak in
the low-frequency range started to appear from 0.65 V vs. RHE
indicating that iodide ions adsorb on the FTO surface in a more
favourable manner. This accounts for the lowering of the
potential by ~1300 mV.
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Motivated by the preliminary electrochemical measurements,
the product quantification studies were performed using an H-
type two-compartment cell (Fig. S8, ESIt). A commercial Pt-wire
was chosen as the CE due to its high HER activity in acidic
electrolytes. The use of a divided cell eliminates the unwanted
counter reactions to the IOR (reduction of product formed in the
IOR) at the CE. The H-cell setup was tested by recording
voltammograms prior to quantification studies. The data
obtained in the H-type cell (Fig. 2a) are similar to the LSVs
recorded in the 3-electrode cell given in Fig. 1a. The products
formed at the CE (H,) and WE (I,) when the system was held at a
potential of 1.08 V vs. RHE were quantified using gas chromato-
graphy (GC) and UV-visible spectroscopy, respectively. Fig. 2b
represents typical GC traces recorded for the gaseous products
collected from the CE compartment, confirming the formation of
H,. Similarly, Fig. 2c shows typical absorption spectra of the
liquid product (with a dilution factor of 8x) collected from the
WE compartment at different intervals of time. The data clearly
show the appearance of a peak corresponding to I;~ (at 350 nm)
that grows with time, confirming that the oxidation of I leads to
the formation of I, (since I, in the presence of I, exists as I3").
The concentration of iodine in the form of I;~ was estimated
using a calibration plot obtained by recording absorption spectra
of various concentrations of standard iodine (dissolved in 1)
(Fig. S9 (ESIt)). The faradaic efficiency (FE) is found to be ~95%
for the gaseous product (H,) while the FE value for the liquid
product (I,(Is 7)) is ~98% (Fig. 2d). To confirm the formation of I,
during the IOR process, the electrolyte obtained after long-term
chronoamperometry tests carried out at 1.1 V vs. RHE for 14 h,
was collected and subjected to extraction of I, in chloroform, as
shown in Fig. S10a (ESIt). The absorption spectrum of the extract
(Fig. S10b, ESIT) shows a peak at 511 nm which is similar to that
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Fig. 2 (a) iR-corrected linear sweep voltammetry curves obtained in a H-

cell using FTO as WE and Pt-wire as CE in the presence and absence of 1 M
Nal in 0.1 M HCIOy, at a scan rate of 5mV s, (b) and (c) representative gas
chromatograms and UV-Vis absorbance spectra, respectively, recorded
during the course of potentiostatic measurements at 1.08 V vs. RHE, (d)
faradaic efficiency of products H, and I, determined in two different trials,
and (e) UV-vis absorbance spectra of the aliquot of the product obtained
with and without applied voltage.
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of the standard I,, confirming the formation of I, as the product
of the IOR in acidic medium. Furthermore, the robustness of the
FTO electrode is evaluated by performing long-term (24 h) tests at
10 mA cm 2. As shown in Fig. S11 (ESIt), the FTO electrode
exhibited stable electrochemical performance. The FTO electrode
after long term testing was characterised using XRD, XPS and
Raman spectroscopy to decipher the stability of the electrode.
The XRD patterns (Fig. S12, ESI) and Raman spectra (Fig. S13,
ESIT) of FTO before and after the long term stability test show
negligible changes indicating the robustness of the FTO sub-
strate. Additionally, the surface morphology of the FTO electrodes
remained intact after the long-term test as evidenced by FESEM
images shown in Fig. S14 (ESIt). Notably, the energy dispersive X-
ray spectrum (EDS) clearly shows the presence of I-species
suggesting the adsorption of I-species on the FTO surface. The
XPS (Fig. S15, ESIT) data of the FTO electrode after the stability
test show characteristic peaks corresponding to Sn 3d and O 1s
that do not show any significant variation. The presence of I-
species is noted from the I 3d XPS data of the post catalysis
sample (Fig. S15d, ESIf), complementing the EDS data. As
mentioned above, the characterization studies of the post cata-
lysis ITO electrode reveal relatively poorer stability than FTO
(More details in ESILt Fig. S16). It should be noted that sponta-
neous oxidation of I under acidic conditions (4H" + 61~ + O, —
2H,0 + 21;7) can be a competitive reaction which may generate
iodine (in the form of I37). To understand this, a control experi-
ment was carried out at 25 °C, similar to the conditions used in
electrochemical experiments; however in the absence of applied
voltage. As shown in Fig. 2e, the formation of iodine or I~ is not
very evident in voltage-free conditions as compared to that
obtained via electrochemical oxidation carried out at 1.17 V vs.
RHE. It is observed that the amount of triiodide produced by
electrochemical oxidation is 63.4 mM while it is 23 uM in control
experiments after 22 h (see ESIf Fig. S17 and S18). This clearly
suggests the electrocatalytic effect of the FTO electrode in oxidiz-
ing iodide to iodine. Additionally, the IOR in a neutral medium
(0.1 M Na,S0,) was also studied and the product formed during
IOR was quantified (see Fig. S19, ESIf).

Further, hybrid water electrolysis (IOR||HER) measurements
were performed in an H-type electrochemical cell as mentioned
above, using optimized Nal concentrations (Fig. S20, ESIt) with
FTO as the anode and Pt-wire as cathode (FTO||Pt-wire) (Fig. 3a).
The polarization curves obtained at a scan rate of 5 mV s~ ' are
shown in Fig. 3b. The data suggest that to achieve a current density
of 10 mA cm™?, a cell voltage of 1.15 V is required in hybrid water
electrolysis, which is comparable to several hybrid water electrolysis
systems recently reported in the literature (Table S2, ESIt). Addi-
tionally, the energy-saving efficiency at 1 mA cm™2 is found to be
56% when the IOR is integrated with the HER. Furthermore, the H,
generated in the hybrid electrolyzer was also quantified by holding
the cell at a cell voltage of 1.15 V. A FE of around 91% was observed
for H,. It should be noted that H, production is not observed in
traditional water electrolysis setups under the conditions (1.15 V)
used in hybrid water electrolysis (Fig. S21, ESIt). Fig. 3c shows the
long-term stability of FTO in the two electrode-electrolyzer setup
when the system is at 10 mA em™? and the cell voltage-time data

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Schematic illustration of a hybrid water electrolysis cell con-
sisting of Pt-wire as the cathode and FTO as the anode, (b) linear sweep
voltammetry curves obtained for hybrid water electrolysis (red) and tradi-
tional water electrolysis (black), (c) variation of the cell voltage with time
monitored when the hybrid water electrolysis system is held at 10 mA
cm™2. Inset of (c) represents the snapshot depicting the formation of
iodine at the anode and H; at the cathode captured during the electrolysis.

suggest that even after 20 h, the FTO shows only a little change in the
cell voltage of 12.87 mV h™' as compared to the initial value,
reaffirming the stability of FTO for the IOR. It is worth noting that
the pristine FTO as an anode for the IOR reported in the present study
is capable of delivering efficiencies comparable to several of the
reported systems that use anodes either noble metal-based or that
require tedious experimental conditions. This study may open up new
avenues for the further exploration of the use of FTO-based electrodes
for energy-saving H, production assisted by an IOR process.

In summary, the use of TCOs, especially FTO, as an efficient
electrode for the IOR is demonstrated. The IOR is proven to be a
potential alternative to the OER. Impressively, FTO electrodes exhib-
ited high activity for the IOR with a FE value of 98%. The integration
of the IOR with the HER in hybrid water electrolysis enables the
realization of efficient H, production at less input voltage, when FTO
is used as the anode and Pt is used as the cathode. The hybrid water
electrolysis cell (FTO||Pt-wire) delivered 10 mA cm > at a cell voltage
of only 1.15 V with 91% FE for H, production.
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