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Electrochemical valorization of HCI for the
production of chlorine via a proton-filter functional
covalent organic frameworkf
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Chlorine (Clp) is one of the prime building blocks for several industrially important chemicals and
engineering materials. HCl electrolysis is a well established technology for the production of Cl, at the
anode. However, combining it with the hydrogen evolution reaction (HER) at the cathode results in both
high energy consumption and safety risks during unexpected shutdowns. Herein, we demonstrated the
feasibility of integrating the chlorine evolution reaction (CER) together with the oxygen-depolarized
cathode (ODC) by utilizing a nitrogen-rich two-dimensional in situ proton filter functional covalent
organic framework (COF, Tta-Dfp) to suppress the HER. The as-synthesized Tta-Dfp COF was explored
as a bifunctional catalyst towards the ODC and Cl, evolution and exhibited outstanding activity towards
Cl, evolution with a faradaic efficiency of 92% and demonstrated excellent stability in a corrosive
environment even under multiple shut-downs under mimicked industrial conditions. Furthermore, the
visualization of the local electrocatalytic activity of the designed COF was analysed by redox competition
mode of scanning electrochemical microscopy (RC-SECM) using a Pt ultra-microelectrode and

Received 12th November 2023 extended to state-of-the-art electrocatalyst, Pt/C (20%). The 3D SECM images demonstrate the excellent

Accepted 17th January 2024
stability of the Tta-Dfp catalyst in chlorine rich electrolyte. Therefore, metal-free catalysis for Cl,
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Introduction

Chlorine (Cl,) is one of the prime building blocks for several
industrially important chemicals and engineering materials
which are crucial for day-to-day life. The demand for Cl, has
increased significantly in the last few decades owing to its
excessive use in the fields of polymers, resins, and elastomers
and sectors such as healthcare, agro-food, construction, elec-
tronics, textiles, transport, and cosmetics."® The disinfectant
capabilities of chlorine have significantly enhanced the quality
of life for billions of individuals around the world. Chlorine is
a crucial chemical component that is utilized in the production
of several products that play a significant role in promoting
public health and safety (chlorine-based water and kitchen
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is a promising cost-effective approach.

disinfectants),* advancing technology (wind turbine blades,
smartphones, hybrid car batteries, etc.), enhancing nutrition,
ensuring security (bullet-proof vests), and facilitating trans-
portation (shatter-resistant windows, cables, and navigation
systems). As reported by the Centers for Disease Control and
Prevention (CDC 2020),” chlorine is one of the major compo-
nents that protect swimmers against waterborne pathogens.®
Also, according to the U.S. Centre for Disease Control and
Prevention, the process of adding chlorine to drinking water is
considered a highly important advancement in public health in
the history of the United States.” However, J. J. Rook found that
halogenated organic compounds (trihalomethanes, THMs)
could be generated as byproducts when chlorine combines with
natural organic matter (NOM) in drinking water at a concen-
tration up to ~160 pg L™" of water.® Chlorinated surface water
was found to be heavily polluted with chlorination by-products
in 1975, according to the National Organics Renaissance
Survey.® Since then, studies have linked drinking chlorinated
tap water with high levels of THM to a variety of negative health
effects, such as bladder cancer, preterm birth, and miscar-
riages. But the limit to the level of THM in drinking water has
been set to 80 pg L' by the U.S. under the Stage 1 and 2
Disinfectants and Disinfection Byproducts Rules.'® At the same
time, utilities are combining primary disinfectants such as

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Schematic representation of the oxygen-depolarized cathode (ODC) coupled chlorine evolution reaction (CER) in HCl electrolysis.

chlorine, ozone, or UV with secondary disinfectants such as
chloramines rather than relying only on chlorine disinfection.
Such combinations have helped reduce the formation of
byproducts in drinking water. There is no doubt that the
consumption of disinfection byproducts is fatal; however many
alternate ways to utilize chlorine in these applications are being
researched and have proven to be beneficial.'* Being an essen-
tial commercial commodity, the demand for Cl, production is
expected to reach up to approximately USD 27000 by 2030 with
a compound annual growth rate (CAGR) of > 3.5% (from 2023 to
2030).">** Various analytical techniques such as the Deacon
process**® and chlor-alkali electrolysis have been utilized for
the production of Cl,.'*"” However, the Deacon process is
limited by corrosion, high catalyst demand, limited yields, and
low stability,'®* while the chlor-alkali process is energy-inten-
sive and consumes 50% of the total production costs.** More
importantly, chlorine also acts as a strong oxidizing agent in
many organic processes and HCI is often released as a byprod-
uct. Globally, 9.3 million tonnes of HCl are produced as
byproducts each year, but only 15% is recycled back into Cl,,
leaving an untapped market for Cl, recovery that is worth 2.4
billion USD a year.* This excess HCI production can be utilized
effectively for Cl, production rather than just quenching it with
lime, which is not eco-friendly and a viable option for the large
amount of produced HCI. Therefore, a smart way of valorizing
HCl is recycling via electrolysis for the production of high-purity
Cl,. HCI electrolysis is composed of the chlorine evolution
reaction (CER) at the anode with a potential of 1.36 V vs. NHE
and hydrogen production at the cathode (HER, E = 0.00 V vs.
NHE) presenting sluggish kinetics with an overall potential of
—1.36 V which is energy intensive and raises serious concerns
considering the energy crisis.”>*

In addition, the critical challenge associated with HCI elec-
trolysis is the accumulation of H, and Cl, at the cathodic
compartment under uncontrolled shutdown as all the
membranes show a little permeability to chlorine, creating
safety issues.”®** These drawbacks can be overcome when the
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hydrogen production at the cathode is replaced by the oxygen
reduction reaction (ORR, E = 1.23 V vs. NHE) known as the
oxygen-depolarized cathode (ODC),* while keeping the CER at
the anode drastically reduces the cell voltage to —0.13 V
compared to the conventional electrolysis (E.y = —1.36 V vs.
NHE), which in turn reduces the significant cost and energy
saving by 30% (Scheme 1).*

Rh,S,/C* and RuO,/TiO, (ref. 15) have been considered the
benchmark catalysts for Cl, production, but their cost raises the
expense of Cl, generation on a pilot scale. On the other hand,
Pt/C is the most efficient catalyst currently being studied for the
oxygen reduction reaction (ORR);**' however, even in the
presence of low chloride ion concentrations, it suffers from
catalyst deactivation, poor stability, and dissolution.* Till date,
not much work has been reported except for a few studies on the
ODC which are based on noble metal catalysts viz. Pt-Ag® and
Rh-RhS,/CNT* and non-noble metal catalysts such as vacancy
rich Ni,_,P,* Co-NSC,*® OCNT-PVIM-ZnPOM,*, and Cu-Fe,0s/
NC?* on the ODC coupled CER. Nevertheless, there is room for
improvement in terms of stability and efficient bifunctionality
of electrocatalysts for chlorine production.*®** The imple-
mentation of covalent-organic frameworks (COFs) is revealing
novel pathways and effective alternatives in the field of catalysis.
These frameworks possess the intriguing ability to precisely
adjust their chemical and physical properties at the molecular
level through  both  synthetic and  post-synthetic
modifications.**** Adding to their positives, these framework
materials show remarkable stability in corrosive acidic media.
Recently, they have been utilised as efficient catalysts for the
oxidative desulfurisation process.** Moreover, with the focus on
replacing the HER with the ODC, the emerging tunable proton-
filter properties of COFs have been utilized to suppress the
production of hydrogen (H,) and increase oxygen (O,) or
nitrogen (N,) concentrations near the electrode surface.*>*
Hence, the implementation of a unified system incorporating in
situ proton filtration and a catalytic centre has the potential to
streamline electrode structures and enhance overall efficiency.
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Herein, we have explored nitrogen-rich two-dimensional in situ
proton filtering Tta-Dfp COF as a bifunctional electrocatalyst for
HCI oxidation and the oxygen reduction reaction. However, to
the best of our knowledge this Tta-Dfp is the first metal free
based catalyst for HCI electrolysis, which can perform both
oxygen reduction (as ODC) and Cl, evolution. Typically, in the
pursuit of electrocatalyst advancement, conventional electro-
chemical methodologies such as cyclic voltammetry and
rotating disc electrode measurements are commonly utilised to
assess the efficacy of catalyst performance. Recently, the uti-
lisation of scanning electrochemical microscopy (SECM) has
extended to the assessment of localised catalytic activity.**?*
Presently, the in-depth analysis of the activity of the catalyst for
the ORR in chorine rich media in comparison to state-of-the-art
Pt/C was studied using SECM along with stability under
mimicked industrial conditions.

Experimental details

Synthesis of Tab-Dfp. Tab-Dfp was synthesized by using
a reported method with slight modifications.*>**** The
synthesis procedure consisted of the Schiff base condensation
reaction of 2,6-diformylpyridine (Dfp) (11.53 mg, 0.085 mmol)
and 1,3,5-tris(4-aminophenyl) benzene (Tab) (20 mg, 0.056
mmol) in 2 mL of a 1,4-dioxane/mesitylene mixture (1:1 v/v
ratio). The reaction was conducted in a sealed pressure tube
with a catalytic amount of acetic acid (50 pl, 6 M aqueous). After
heating at 120 °C for five days, the yellow precipitate was
collected by centrifuging and washed several times with N,N-
dimethylacetamide (DMA), water, and acetone to remove any
impurities and unreacted products. This was followed by drying
the sample at 80 °C for 12 hours under vacuum. Tab-Dfp COF
was obtained as a yellow solid with 79% of the isolated yield
(Fig. S1aft).

Synthesis of Tta-Dfp. Tta-Dfp was synthesized by following
the reported literature with minor modifications.****>*° The
synthesis involved the Schiff base condensation of 4,4',4"-(1,3,5-
triazine-2,4,6-triyl)trianiline (Tta) (20 mg, 0.056 mmol) and 2,6-
diformylpyridine (Dfp) (11.43 mg, 0.084 mmol) in 2 mL of a 1,4-
dioxane/mesitylene mixture (1:1 v/v ratio). The reaction was
conducted in a sealed pressure tube with a catalytic amount of
acetic acid (50 pl, 6 M aqueous). After heating at 120 °C for five
days, the yellow precipitate was collected by centrifuging and
washed several times with N,N-dimethylacetamide (DMA),
water, and acetone to remove any impurities and unreacted
products. This was followed by drying the sample at 80 °C for 12
hours under vacuum. Tta-Dfp COF was obtained as a yellow
solid with 82% isolated yield (Fig. S1bt).

Electrochemical investigation. The electrochemical
measurements were performed using a three-electrode assembly
consisting of as-synthesized catalyst-coated carbon paper (0.5 X
0.5 cm), a graphite rod, and Ag/AgCl/3 M KCl as the working,
counter, and reference electrode respectively. The cyclic voltam-
metry (CV) and linear sweep voltammetry (LSV) experiments were
performed using a Biologic (VSP 300) potentiostat/galvanostat
with a FRA7M module, controlled with EC-Lab V11.12 software.
Linear sweep voltammetry (LSV) was performed in 0.4 M HCI (pH
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= 1) with a scan rate of 5 mV s~ ' across a potential range of 1.0 to
2.0 V vs. RHE with constant stirring of 500 rotations per minute
(rpm). Additionally, the chronoamperometric stability test was
performed @ 1.5 V for 24 h.

Results and discussion

Material characterisation

The microstructural attributes of Tta-Dfp and Tab-Dfp were
analyzed using powder X-ray diffraction (PXRD) patterns (Fig. 1a),
wherein they displayed two distinct peaks: the peak at 26 = 5.0°
can be attributed to the (110) plane of the regularly ordered lattice
and the broad peak centered at 26 = 25.7° is attributed to the
reflection from the (003) plane. Moreover, the best agreements
between the experimental and simulated PXRD patterns were
found for the layer-stacked structures (Fig. 1b) with an ABC
sequence (Fig. S2, R,p, = 3.19% and R, = 4.85%, Table
S1}).#43455 Fourier-transform infrared (FT-IR) spectra confirm
the formation of imine (C=N) bonds by revealing a stretching
vibration at 1690 cm ™" for both Tta-Dfp and Tab-Dfp (Fig. 1c). On
comparison of FT-IR spectra of pristine monomers, the stretching
bands corresponding to the aldehyde (1720-1735 cm™*) and the
amine group (3300-3400 cm ') were significantly attenuated in
both COFs indicating successful imine condensation
(Fig. S37).*»*** 1t is important to note that COF polymerization
may not be completely terminated and therefore a trace amount
of peak was observed at 1720-1735 cm™ " for both Tta-Dfp and
Tab-Dfp, which might have resulted from unreacted peripheral
end functional groups in the 2D growth of COFs along with the
possible defect sites.*%% Afterward, “carbon cross-polariza-
tion magic-angle spinning nuclear magnetic resonance (CP-MAS
NMR) spectroscopy (Fig. S4 and S57) presented a distinctive peak
at ~157 ppm corresponding to imine carbon (-C=N), confirming
the Tab-Dfp and Tta-Dfp formation.*"***>**-*° The carbon atoms of
the phenyl, triazine, and pyridine groups are responsible for the
signals at 120, 126, 130, 150, and 167 ppm respectively, confirm-
ing the Tta-Dfp's chemical structure. Similarly, the carbon atoms
of the pyridine and phenyl rings of the Tab-Dfp structure are
responsible for the signals at 147, 136, 126, 121, 114 ppm, con-
firming the Tab-Dfp's chemical structure. The UV-vis spectra of
Tta-Dfp showed peaks at 430 and 475 nm which could be attrib-
uted to the m—m* transition of pyridine and n-m* transition of
triazine, respectively, along with a broad band at 525 nm resulting
from the delocalized m-electron cloud of Tta-Dfp (Fig. S67). Tta-
Dfp demonstrates its thermal stability up to 400 °C with < 10%
weight loss (Fig. S71) witnessed by thermogravimetric analysis
(TGA). Furthermore, the N, adsorption studies of Tta-Dfp and
Tab-Dfp showed type-II adsorption isotherms with a Brunauer—
Emmett-Teller (BET) surface area of 417.2 m*> g~ ' (Fig. S87) and
368.4 m”> g (Fig. S107) respectively.***"* Besides, Tta-Dfp and
Tab-Dfp exhibited a maximum pore size distribution of 1.53 nm
and 1.55 nm respectively which are consistent with the suggested
structural model and reported literature (Fig. S9 and S117).%5%4

The morphological aspects of Tta-Dfp and Tab-Dfp by field
emission-scanning electron microscopy (FE-SEM) revealed
spherical morphology with spikes (Fig. S12t). While high-reso-
lution transmission electron microscopy (HR-TEM, Fig. 1d)

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ta06948f

Open Access Article. Published on 16 1402. Downloaded on 18/10/1404 04:50:26 ..

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Journal of Materials Chemistry A
'
@ —Teom| (b) ot o (c)
_ — Simulated F|[Tab-f
- 3
©
> s c=
- =
] £
2| 2
£ E Tta-Dfp
[
3000 2000 1000
20 (degree) Wavenumber (cm'1)
(h)[ Tab-0e & fish (i) | Tab-Dfp c=c (i) [Tab-Dfp
C=N (Imine)
(o] :ls C=N (Imine) C=N (Pyridine) 4
;? ﬂ N ‘15 - C=N (Pyridine) -
© MW,AM»,J»—MIL,#MJL,—»\ J =] :
~ \ © 8
2 g > [ 2
] = -~
g Tta-Dfp C1s 2 Tta-Dfp =C 2
E O01s Nis g C=N (Triazine) & g
= C=N (Imine) =
___—-—’*‘—-—J—_\} C=N (Pyridine) 7
; 2
v v T T T L T T =
800 600 400 200 294 291 288 285 282 404 402 400 398 396
Binding energy (eV) Binding energy (eV) Binding energy (eV)
Fig.1 (a) Experimental and simulated P-XRD patterns of Tta-Dfp and Tab-Dfp,** (b) ChemDraw and simulated structures of Tta-Dfp, (c) FT-IR

spectra of Tta-Dfp and Tab-Dfp representing the formation of imine linkages, (d) HR-TEM image of Tta-Dfp (inset displaying the SAED pattern),
(e—g) TEM-EDS scanned area and dot mapping images showing C and N, (h) XPS survey spectra, and deconvoluted (i) C 1s and (j) N 1s of Tta-Dfp

and Tab-Dfp.#*

exhibited a layered sheet-like/rod structure and the existence of
diffuse rings in the selected area electron diffraction (SAED,
inset, Fig. 1d) pattern confirms the amorphous nature of Tta-
Dfp. As expected, the EDS (energy dispersive X-ray spectroscopy)
dot mapping by both SEM and TEM confirms the presence of
carbon and nitrogen which are dispersed homogeneously
(Fig. 1e-g and S1371).* Table S21 shows the weight percentage of
C and N using EDS spectral analysis and CHN-O analysis which
revealed the higher percentage of N content in Tta-Dfp due to
the presence of triazine groups. The X-ray photoelectron spec-
troscopy (XPS) survey spectra of both Tta-Dfp and Tab-Dfp
catalysts showed peaks at a binding energy (BE) of ~284 eV,
396.9 eV and 532 eV attributing to the presence of C 1s, N 1s,
and O 1s respectively (Fig. 1h). The difference in the intensity of
the N 1s peak at 396.9 eV provided confirmation for the pres-
ence of a higher atomic ratio of N in Tta-Dfp as compared to

This journal is © The Royal Society of Chemistry 2024

Tab-Dfp.** The deconvoluted C 1s XPS spectra in both Tta-Dfp
and Tab-Dfp showed the presence of aromatic C=C, C=N
(imine linkage), C=N (pyridine) and a carbon satellite at a BE
value of 284.5, 286.4, 288.1 and 290.3 eV respectively (Fig. 1i).
However, Tta-Dfp specified the presence of C=N (triazine) at
a BE value of 285.7 eV, which was not perceived in Tab-Dfp.
Moreover, N 1s XPS spectra in Tta-Dfp upon deconvoluting
exhibit three peaks at a BE of 398.4, 398.8, 399.6 and 401.2 eV
corresponding to C=N (triazine), C=N (imine), C=N (pyri-
dine) and a satellite peak respectively (Fig. 1j), whereas Tab-Dfp
signified the absence of the triazine moiety in its structure.

Electrochemical analysis

Chlorine evolution reaction. To understand the efficacy of
the synthesized Tta-Dfp and Tab-Dfp catalysts towards chlorine

production, primarily linear sweep voltammetry (LSV)

J. Mater. Chem. A, 2024, 12, 8516-8525 | 8519


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ta06948f

Open Access Article. Published on 16 1402. Downloaded on 18/10/1404 04:50:26 ..

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

experiments were performed in 0.4 M HCl in the potential range
of 1.0 V to 2 V vs. RHE at a scan rate of 25 mV s " under
continuous stirring in order to remove bubble formation at the
electrode surface. As can be seen in Fig. 2a, a sharp increase in
the current density for Tta-Dfp at ca. 1.5 V vs. RHE was observed
with a current density of 160 mA cm™2 at 2.0 V vs. RHE which
can be ascribed to the oxidation of chloride (Cl™) ions to chlo-
rine (Cl,) further evident by the bubbles on the electrode due to
evolution of chlorine gas, whereas Tab-Dfp exhibited relatively
lower activity w.r.t. CI” oxidation witnessed by a lower current
density (cd) of 91 mA cm ™2 @ 2.0 V vs. RHE. To validate whether
the oxidation process is due to the Cl, evolution reaction (CER),
an additional experiment was performed in a chlorine-free
environment, ie., 0.2 M H,SO,. As depicted in Fig. 2b the
oxidation process started at a potential of ca. 1.73 Vvs. RHE and
reached only 28 mA cm > of cd @ 2.0 V. This clearly demon-
strated that the oxidation process in HCI media is due to the
CER while in H,SO,, it is due to the oxygen evolution reaction
(OER). This further signified the fact that the catalyst is selective
towards the CER and there is no interference from the OER
during the chlorine production. Additionally, LSVs were recor-
ded for the benchmark CER electrocatalysts (RuO, and Rh,S,/C)
under the same experimental conditions. It was observed
(Fig. S14A71) that RuO, exhibited the highest electrocatalytic
activity and interestingly, Tta-Dfp demonstrated activity
comparable to that of the benchmark catalysts.

Furthermore, to investigate the faster kinetics of the elec-
trode towards the potential-dependent electrocatalytic reaction,
the Tafel slope was evaluated (Fig. S14B+). The lower Tafel slope
of 348 mV dec™" for Tta-Dfp compared to that for Tab-Dfp (402
mV dec™') depicted the enhanced adsorption/desorption of
intermediate species. The superior electrocatalytic activity of
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Tta-Dfp over Tab-Dfp may be attributed to the facile charge
transfer at the electrode-electrolyte interface, which was esti-
mated by electrochemical impedance spectroscopy (EIS). EIS
spectra (Fig. S15 and Table S3}) show a lower charge transfer
resistance (R.¢) of 190.2 Q (obtained from fitting the Nyquist
plots using an equivalent circuit as shown in Fig. S16%) and
a higher rate constant (1.40 x 10> cm s~ ') for Tta-Dfp signified
faster charge transfer kinetics accelerating the electrochemical
activity.

This could be attributed to the higher surface area of Tta-Dfp
(Fig. S9t) and the exposure of more electrocatalytic active sites
which was supported by the electrochemical surface area (ESCA,
mm?) and specific surface area (SSA, mm?* mg ') analyses. The
higher ESCA (2.70 mm?®) and SSA (22.5 mm” mg ") of Tta-Dfp in
comparison to Tab-Dfp (Fig. S17 and Table S47) validated the
above conclusion. This was supported by chronoamperometry
sequential (Fig. 2c) analysis performed at different potentials
for 10 min each in 0.2 M H,SO, and 0.4 M HCI. An increase in
current density at 1.5 V in CI™ rich environments compared to
that under Cl™ free conditions confirmed the incompetence of
the OER with the CER.

Assessment of evolved chlorine. Furthermore, sequential
chronoamperometric experiments were performed using
a bipotentiostatic four-electrode assembly as shown in Fig. 2d.
Experiments were carried out using catalyst-coated carbon
paper as working electrode 1 (WE1, substrate), a Pt microelec-
trode (@ 25 um) as WE2, aligned perpendicular to WE1, while
Ag/AgCl/3 M KCl served as the RE, and a graphite electrode as
the CE. The measurements were carried out by polarizing WE1
from 1.0 to 1.6 Vvs. RHE in the region of chlorine oxidation with
an interval of 100 mV for 10 min each to invoke Cl, oxidation,
whereas WE2 was constantly polarised at 0.9 V vs. RHE (which

160 160 - 150
—-—Tta-Dfp (a) 0.2 M H,S0, (b) » 0.2 M H,S0, >(c)
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Fig. 2

(a) LSV curves of Tta-Dfp and Tab-Dfp in 0.4 M HCl electrolyte, (b) LSV curves of Tta-Dfp in 0.4 M HCland 0.2 M H,SO, electrolyte, (c)

sequential chronoamperometry for Cl, and O, evolution in 0.4 M HCl and 0.2 M H,SO, electrolyte respectively, (d) photographic image
depicting the homemade cell set up consisting of WE1, WE2, RE and CE in 0.4 M HCIl electrolyte for four electrode studies, (e) sequential
chronoamperometry for Cl, evolution at the WE1 (Tta-Dfp catalyst coated substrate) and chlorine reduction reaction (CRR) at WE2 (Pt tip) in 0.4
M HCl electrolyte, and (f) LSV curve for Tta-Dfp in 5 M HCl electrolyte (inset displaying Cl, bubbles).
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corresponded to the chlorine reduction to Cl7) to detect the in
situ generated Cl,. As observed from Fig. 2e, initially the
absence of chlorine was witnessed from constant cd at both
WE1 and WE2 when the potential was swept from 1.0 to 1.4 V.
As WE1 polarized towards more positive i.e., at 1.5 V vs. RHE,
a steep increase in the cd was observed at WE1 and simulta-
neously, the reduction current at the tip (WE2) started to
increase, which marked the onset of the Cl, production at the
sample, i.e., WE1.

The produced Cl, was further quantified using the iodo-
metric titration method (calculations detailed in the ESI),
exhibiting a high amount of Cl, produced with a F.E. of 92%.
Furthermore, the long-term stability was studied for 200 LSV
cycles wherein a negligible change in the potential and cd which
is further complemented by the chronoamperometry curve @
1.5 V vs. RHE for 50 h (Fig. S18t) imposed high catalyst dura-
bility in corrosive HCI environments. Afterward, to understand
the stability of the proposed catalyst under highly acidic
conditions, the activity of Tta-Dfp towards the CER was probed
by measuring the LSV curve in 5 M HCI (Fig. 2f), and strikingly,
a high current density of about 1058 mA cm > was obtained at 2
V vs. RHE and the produced chlorine (Cl,) was evident by
bubbles on the electrode (inset Fig. 2f).

Oxygen depolarised cathode. As discussed above, the ODC-
coupled CER would prove to be energy efficient for HCI elec-
trolysis; therefore, the electrocatalytic ability of Tta-Dfp and

0.0

-0.51
-1.01

-1.5-

j (mA cm2)

-2.0+1

—o—Ar
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Tab-Dfp was also evaluated for the oxygen reduction reaction
(ORR). Electrochemical measurements were performed to
investigate the ORR performance of Tta-Dfp and Tab-Dfp in 0.4
M HCI solution using a standard three-electrode electro-
chemical cell. Initially, linear sweep voltammetry (LSV) was
performed under hydrodynamic conditions in Ar and O, satu-
rated 0.4 M HCI electrolyte in the potential range of 0.5 V to
—0.1 V vs. RHE at a scan rate of 10 mV s~ ". The LSV curves of
Tta-Dfp in Fig. 3a showed an increase in the reduction cd
around 0.3 V vs. RHE when the electrolytic solution was satu-
rated with oxygen, which was completely absent when oxygen
was degassed upon purging with argon, implying the activity of
the catalyst towards the ORR. Moreover, Tta-Dfp displayed
superior performance in contrast to Tab-Dfp as shown in
Fig. 3b. This could be due to the higher surface area, high
nitrogen atomic percentage and large pore volume of the
triazine-based covalent framework of Tta-Dfp**~* as discussed
above.

Furthermore, rotating disc electrode (RDE) tests were con-
ducted to ascertain the kinetic characteristics of both variants
towards the ORR. The RDE measurements were carried out by
sweeping potential cathodically from 0.4 V to —0.1 Vvs. RHE in
0, saturated 0.4 M HCI at a scan rate of 10 mV s ! at different
rotation rates varying from 0 to 1300 rpm (rotations per minute,
Fig. S19A(a and b)f). The kinetic parameters were evaluated,
using the Koutecky-Levich (K-L) equation. As can be seen from

e e

—0.05V
— 0.00 V
—0.05V

g ——09 g 0.030 0.035 0.040 0.045 0.050
-2.54 3 —o—Ttal-Dfp o pm™)
0.0 0.2 0.4 0.0 0.2 0.4
E (V vs. RHE) E (V vs. RHE)
1
(c)

<
£ 1.
g =
- — _3_

-4 Ll ! Ll I

0 1 2 3 4

Time (h)

Fig.3

(a) LSV curves for Tta-Dfp in Ar and O, saturated 0.4 M HCl electrolyte for the ORR at a rotation rate of 400 rpm, (b) LSV curves of Tta-Dfp

and Tab-Dfp in O, saturated 0.4 M HCIl electrolyte (inset displaying the K-L plot for Tta-Dfp) at a rotation rate of 400 rpm, and (c) chro-
noamperometric analysis performed for 10 minutes of operation at 0.0 V and 2 minutes of shutdown (i.e. system off) for the Tta-Dfp catalyst.
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the K-L plots in Fig. S19c and d, a linear relation was observed
between the inverse of current density (j') and square root of
the inverse of the rotation rate (w~*'?) at various potentials (0.05
V, 0.00 V and —0.05 V vs. RHE), indicating the first order
kinetics of the reaction. The number of electrons transferred
was found to be 3.5 at 0.05 V vs. RHE for Tta-Dfp. Besides its
high activity, stability studies were also carried out under the
mimicked industrial shutdown conditions. For the same,
chronoamperometric measurements were performed for 10
minutes of operation towards the ORR at 0.0 V vs. RHE followed
by 2 minutes of shutdown at open circuit potential (OCP) in the
Cl, and O, rich environment. As can be seen from Fig. 3c, the
current response obtained for Tta-Dfp remains stable even after
20 shutdown cycles (4 hours) exhibiting high retention in the
activity. Similarly, 10 shutdown cycles were recorded for
benchmark electrocatalysts but as shown in Fig. S19B,T the
current density relatively decreased in the first few cycles
pointing towards their comparatively lower stability in corrosive
HCI environments.

Scanning electrochemical microscopic (SECM) analysis.
Furthermore, to gain in-depth insights into the catalyst surface
with high spatial resolution in terms of active site distribution
the stability of Tta-Dfp and Tab-Dfp towards the ORR in chlo-
rine rich electrolyte was evaluated using SECM. The local elec-
trocatalytic activity of Tta-Dfp towards the ODC was visualized
viz. redox competition mode of SECM (Fig. 4a, RC-SECM). The
four-electrode assembly consisted of a catalyst spot drop-coated
over a glassy carbon (GC) plate (Fig. 4c) as WE2 with a Pt wire
and Ag/AgCl/3 M KCI as the counter and reference electrode
respectively. The local catalytic activity was probed in 0.4 HCI
using the fourth electrode i.e., the Pt-ultra-microelectrode (@ 25
pm WE1) by polarizing both the tip and sample at the same

Pt-Microelectrode

(a) (b)
WE1

0.
0, 2 o HO Y o
OZCompetltlonHzo 2

WE2

(e)

2600 pm —

1200 0 13 nA

Fig. 4

o0V

2600 1y 7©¥%0.17 nA

(a) Schematic representation of RC-SECM mode (WEL: Pt microelectrode and WE2: catalyst coated GC plate), (b) SECM array scan, (c)

View Article Online

Paper

potential of 0.2 V (vs. Ag/AgCl/3 M KCl) where the oxygen
reduction takes place. Prior to the array scan measurements, tip
positioning was ensured by measuring the approach curve
(Fig. S20%). During the scanning in the x-y direction (Fig. 4b),
when the tip passes from the unmodified GC surface to the
active catalyst zone, tip (WE1) reduction current tends to
decrease. This could be ascribed to the decreased O, availability
at the catalyst spot which in turn signifies the superior catalytic
activity of Tta-Dfp. The current response was collected at the Pt-
tip and is represented as 2D and 3D images (Fig. 4), where the
local ORR catalytic activity was illustrated with a color scheme
changing from blue to green through yellow to red with
decreasing tip current which can be ascribed to a higher ORR
activity. The visualization of the local catalytic activity of Tta-Dfp
and Tab-Dfp was performed by polarizing the sample at various
potentials (—0.1, 0.0, 0.2 vs. RHE). 2D (Fig. 4d-f) and 3D SECM
images in Fig. 4¢g-i and S211 exhibit notable differences in the
ORR activity between Tta-Dfp and Tab-Dfp. As observed, a red
color region (i.e., more reduction in tip current) was clearly
observed at a potential of 0.2 V, and upon moving towards more
reduction potentials, the excellent catalytic activity of Tta-Dfp
was observed even compared to Tab-Dfp. Furthermore, the line
scans for all the scanned plots (Fig. S22+) clearly indicate the
increasing competition of the catalysts towards the ORR at
higher reduction potentials.

However, local electrocatalytic activity was also assessed for
Tab-Dfp and higher tip current was observed as compared to
Tta-Dfp.

Besides the activity, the catalysts were highly stable which
was witnessed from the array scan measurement performed in
the x-y direction. For the same, two distinct pulse potential
profiles were applied to the Pt tip (WE1) as schematically shown

(c) Tab-Dfp  Tta-Dfp

0.2V
-0.06 nA

P, I

2500 m

-0.03 nA

i (i)

1300 W™ -0.20 nA

microscopic images of Tta-Dfp and Tab-Dfp over the GC plate, 2D RC-SECM images of Tta-Dfp and Tab-Dfp spots measured in 400 mM HCl

with different applied sample potentials: (d)
microelectrode) was polarized at 0.2 V.
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Fig. 5 Potential pulse profile for (a) only the ORR and (b) Cl, generation followed by the ORR at the Pt-tip and the corresponding 3D RC-SECM
images of Tta-Dfp, Tab-Dfp and Pt/C (20%) measured in 400 mM HCL.

in Fig. 5a and b and the corresponding current response was
recorded at the tip. In both the pulse profiles, the base potential
(where WEL1 is at rest) was chosen by recording the current at
the tip with increasing potentials (Fig. S23at). The obtained
data in Fig. S23at were further processed to obtain absolute
current (absolute difference between the current measured
before the first pulse and at the end of each sequential pulse) as
a function of applied potential (Fig. S23b¥). During the pulse
profile as shown in Fig. 5a, the tip was subjected to the ORR (0.2
V) for 5 s after a base potential (0.8 V) of 5 ms while WE2 was
constantly polarised at 0.2 V. As shown in Fig. 5a, Tta-Dfp
showed higher activity as compared to Tab-Dfp. For

CER-HER

comparison, the activity of the state-of-the-art catalyst of the
ORR (Pt/C (20%)) was also probed using the same pulse profile.
Towards the development of HCI electrolysers, a potential
electrocatalyst is required with high stability; therefore accel-
erated degradation measurements have become mandatory.
Therefore, to check the stability of both the catalysts along with
Pt/C in chlorine and chloride ion rich environments, the pulse
profile shown in Fig. 5b was applied on the Pt tip, wherein the
ORR (0.2 V, 5 s) was preceded by the CER (1.5 V, 5 s) and base
potential (0.8 V, 5 ms). As shown in Fig. 5b, the ORR activity of
all the catalysts decreased, as compared to the first pulse profile,
due to the replacement of localised O, with the Cl, generated

CER-ODC

Intensity (a.u.)

C=N (

Intensity (a.u.)

290 288

Binding energy (eV)

286

402 400 398 396

Binding energy (eV)

284 282 404

Fig. 6 Photographs displaying (a) HER coupled CER and (b) ODC coupled CER, (c) FE-SEM image and deconvoluted XPS spectra: (d) C 1s and (e)

N 1s of Tta-Dfp after HCl electrolysis.
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during the second pulse profile. However, current at the Pt/C
spot degraded whereas Tta-Dfp and Tab-Dfp demonstrated
a stable current response. Moreover, this was also visualised
from the optical microscopic images for Tta-Dfp, Tab-Dfp and
Pt/C spots before and after the SECM analysis (Fig. S2471). No
degradation in Tta-Dfp and Tab-Dfp was observed whereas Pt/C
degraded due to the dissolution of Pt from the catalyst into the
solution,” demonstrating the superior activity of Tta-Dfp
towards HCI electrolysis in Cl, rich electrolyte.

Full cell investigation. Encouraged by the excellent CER
activity and the advanced ODC behaviour of Tta-Dfp, a two-
electrode full cell was configured towards evaluating overall HC]
electrolysis, in which Tta-Dfp worked as both the anode and
cathode. The LSV in Fig. S25at exhibited a cd of 6 mA cm™> at
a cell voltage of 2 V. Moreover, to assess the efficacy of Tta-Dfp in
practical systems and under industrial conditions a CER
coupled ODC system was assembled in a homemade designed
cell equipped with burettes having a two-electrode setup in O,
saturated 0.4 M HCI electrolyte. For comparison, a CER coupled
HER system was constructed using a similar cell set up and Cl,
production was visually analysed through a color change in the
electrolyte upon addition of excess KI. As shown in Fig. 6a and
b, the CER coupled HER required 2.3 V of cell potential to
produce Cl, and H, at the anode and cathode, respectively; in
contrast, the CER coupled ODC setup manifested the Cl,
production at 2.0 V of DC power supply only. Moreover, no H,
was observed on the cathodic side upon replacement by the
ORR. Therefore, these outcomes illustrate that the CER-ODC
system consumes lower energy to produce equivalent Cl,, con-
firming that it has crucial benefits over the CER-HER system.
Additionally, the stability of these cells (CER-HER and CER-
ODC) was assessed by performing chronopotentiometry at 10
mA cm 2 for 12 h each and a constant potential indicated
towards the stable catalyst response (Fig. S25bt). Moreover, it
was observed that the CER-ODC cell could achieve 10 mA cm ™
at a lower cell potential of ~1 V whereas the CER-HER cell
required a cell voltage of ~2 V. Furthermore, the catalyst was
analysed using FE-SEM and XPS to investigate the physical
changes after HCl electrolysis. As shown in Fig. 6c-e, the
morphology and electronic structure of Tta-Dfp remained the
same, pointing towards the remarkable robustness of the
catalyst under harsh acidic conditions.

Conclusions

In summary, we have designed in situ proton filtering Tta-Dfp
and Tab-Dfp catalysts for HCI electrocatalysis for the produc-
tion of chlorine. The designed catalysts were explored as
bifunctional electrocatalysts towards both the ODC and CER
under HCI electrolysis conditions. In situ proton filtering Tta-
Dfp exhibited higher activity both in terms of onset potential
and current density as an ODC simultaneously demonstrating
its superior activity towards the CER and achieved high faradaic
efficiency, i.e. 92% for the CER. Tta-Dfp shows excellent stability
even under multiple shut-down controls under harsh acidic
conditions. Furthermore, the visualization of the local electro-
catalytic activity of the designed catalyst was performed by RC-
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SECM using a Pt ultra-microelectrode. The activity was also
further extended to state-of-the-art Pt/C (20%) by RC-SECM and
our proposed catalyst was shown to have excellent stability in
harsh acidic circumstances. Therefore, being metal free, the
developed Tta-Dfp electrocatalyst may offer a cost-effective
bifunctional catalyst alternative to expensive noble-metal based
electrocatalysts for HCI electrolysis.
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