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Chlorine (Cly) is a vital industrial product obtained from waste. Replacing the non-sustainable industrial
synthesis of Cl, with the electrochemical conversion of HCl provides a greener alternative. Moreover,
integrating Cl, synthesis with Zn-based batteries helps to meet growing energy demands. Herein, we
coupled the oxygen reduction reaction (ORR) during discharge and the chlorine evolution reaction (CER)
during charge to develop a Zn-ORR/CER battery that utilizes an Fe-based metal organic framework
(Fe-Tp) as a robust bifunctional electrocatalyst. This approach facilitates a ‘hitting three targets with one
shot' strategy viz. waste remediation, production of value-added Cl,, and energy storage and

Received 5th January 2026, conversion. Apart from providing stable battery performance under corrosive reaction conditions, this
Accepted Ist May 2026 report provides an analysis of catalyst renewal during the CER via spectro-electrochemical studies.
DOI: 10.1039/d6ee00064a Moreover, the local pH changes were taken into consideration through detailed microelectrochemical

analysis. The assembled battery has fast-charging capability, as demonstrated by powering 35 LEDs for
rsc.li/ees 8 h after 10 minutes of charging, making this a viable battery.

Broader context

Chlorine (Cl,) is an indispensable industrial chemical underpinning the production of polymers, pharmaceuticals and agrochemicals. However, its
conventional manufacture via chlor-alkali or HCI electrolysis remains highly energy-intensive and is burdened by safety risks arising from the concurrent
hydrogen evolution reaction (HER) and Cl, accumulation. Therefore, there is an urgent need to redesign Cl, production routes that simultaneously reduce
energy consumption, mitigate safety hazards and enable energy recovery. Therefore, in the present work, we have replaced the HER (E° = 0 V vs. NHE) with the
oxygen reduction reaction (ORR, E° = 1.23 V vs. NHE), which significantly reduces the overall voltage to —0.13 V (CER-ORR) compared to the CER-HER (—1.36 V)
system. However, the practical implementation of this approach has traditionally been limited by the lack of cost-effective, corrosion-resistant, and bifunctional
electrocatalysts capable of operating under strongly acidic conditions. Further, integrating such reactions with energy-storage systems remains largely
unexplored. This work establishes a new paradigm by unifying Cl, production with electrochemical energy storage through an aqueous Zn-ORR/CER battery
enabled by a non-noble, iron-based metal-organic framework cathode. By simultaneously generating Cl, and electricity with long-term stability, this approach
transforms hazardous chemical synthesis into an energy-positive process. Beyond Cl, chemistry, the concept demonstrates how industrial redox reactions can
be rationally coupled with battery architectures to create safer, more efficient and sustainable electrochemical manufacturing platforms, paving the way for
future electrified chemical processes.

Introduction

Increasing energy demands and the pressure of environmental
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as chlorine (Cl,) production, steel and metal finishing, pickling
and cleaning. Conversion of this waste HCI into value-added
products via a recycling process to produce Cl, could be a game-
changing strategy.® Cl, is an important industrial chemical
used in the production of polymers, resins, water disinfectants
and in smart and advanced technologies.>® The increasing
demand for Cl, is causing its market size to rise at a compound
annual growth rate of >3.5%, meaning it is projected to reach
67.2 billion dollars by 2032.”'° However, the Cl, is industrially
produced via the Deacon process or the chlor-alkali process,
which are inefficient due to their high catalyst demand, poor
catalyst stability, and the fact that they consume 4% of global
electricity. Of late, Cl, production via electrocatalytic oxidation
of HCI using ruthenium-based catalysts has emerged as a
promising technology (eqn (1)-(3))."* However, the major draw-
backs of this technology are the requirement of high cell
potential (1.36 V, eqn (3)) and high electricity consumption.
In fact, the ~1500 kWh per metric per ton of Cl, required
accounts for around 50% of the production costs, which is still
3.5 times lower compared to the chlor-alkali process. Although
this process is relatively energy efficient, it suffers from critical
safety concerns related to the accumulation of the produced H,
and Cl, at the cathode during uncontrolled shutdown. There-
fore, replacing the hydrogen evolution reaction (HER, E® = 0 V
vs. NHE) with the oxygen reduction reaction (ORR, E° = 1.23 V
vs. NHE) reduces the overall cell voltage to —0.13 V (CER-ORR)
when compared to the CER-HER system (—1.36 V).">™¢

Cathode: 2H" + 2~ — Hyg E =0.00 Vvs. NHE (1)
Anode: 2Cl™ — Clyg) +2¢~ E =1.36 Vvs. NHE (2)
Overall: 2HCl - Hy) + Clyy) E=-1.36 Vvs. NHE  (3)

More importantly, the electrolysis of HCI requires an external
electron source. Notably, integrating this system with aqueous
rechargeable Zn-based batteries’” 2> could prove to be benefi-
cial by “hitting three targets with one shot” viz., waste utilization
and Cl, production along with energy storage and conversion.
In the resultant Zn-ORR/CER battery, during discharging, the
oxygen reduction reaction takes place, which facilitates Zn
oxidation at the anode; whereas during the charging process,
chlorine evolution reaction is facilitated by the reduction of
Zn*" to Zn (eqn (4)~(7)).

Discharge process:
Cathode: O, + 4H" + 4e” - H,O (4)
Anode: Zn & Zn*" + 2e” (5)

Zn*' + 40H s Zn(OH),>~

Zn(OH),>~ s ZnO + H,0 + 20H"

Charging process:
Cathode: 2HCI s Cl, + 2H' + 2¢” (6)
Anode: Zn(OH),>~ & Zn>" + 40H (7)

Zn*" +2e” s Zn
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However, electrochemical Cl, production coupled with an oxy-
gen depolarized cathode (ODC)'""**?*° requires the design of
a robust bifunctional electrocatalyst that can tolerate a corro-
sive HCI environment, be economically scalable, and can also
perform stably in industry upon sudden shutdown. For exam-
ple, Pt/C is a state-of-the-art catalyst for the electrochemical
ORR reaction, but it is unstable in HCl media. Meanwhile, only
a handful of catalysts have been studied so far for both the CER
and ORR reactions, such as Rh-RhS,/CNT,*® Pt-Ag,>” and non-
noble metal catalysts such as vacancy-rich Ni,_,P,*® Co-NSC,*°
OCNT-PVIM-ZnPOM,*® Cu-Fe,03/NC,*" and covalent organic
frameworks such as Tta-Dfp and Tab-Dfp.** For an efficient
functioning of the Zn-ORR/CER battery, the electrocatalyst
must be bifunctionally active for both the discharging and
charging reactions. This requires a material with sufficient
adsorption sites for the chloride ions and oxygen during
charge-discharge cycles, and it should exhibit porosity and
conductivity to facilitate mass diffusion and electron mobility.
So far, only one report on a Zn-ORR/CER battery exists, which is
based on an Ag catalyst,*® but the high cost of silver hinders its
large-scale implementation. To be competitive in the main-
stream commercial market, non-noble catalysts that are both
low-cost and abundant are the need of the hour.

Keeping this in mind, we have introduced an iron (Fe)-
coordinated salicylaldehydate-based three-dimensional conju-
gated metal-organic framework (Fe-Tp) as a bifunctional
catalyst for a Zn-ORR/CER battery. Metal-organic frameworks
(MOFs) are crystalline porous solids connected via coordination
bonds between metal ions/clusters and organic linkers.** The
strong m-d conjugated coordination in Fe-Tp provides a robust
framework with uniformly distributed iron atoms and ensures
electronic conductivity. Moreover, Fe is a low-cost and
widely available metal, offering a cost-effective and scalable alter-
native to noble metal-based catalysts. During oxidation, Fe-Tp
adsorbs chlorine, and during reduction, it adsorbs oxygen
through its redox-active functional network. Moreover, the strong
coordination bonds render Fe-Tp chemical stability within the
system, which supports long-term performance. Also, triformylph-
loroglucinol (Tp)-based covalent organic frameworks have been
reported to provide a well-defined and rigid coordination environ-
ment for CER, wherein they show efficient C1* adsorption under
industrially relevant Cl~ ion concentrations.> Moreover, Fe-based
catalysts have been shown to favor the ORR owing to their strong
hybridization between the Fe 3d orbitals and O, n orbitals.*®
Moreover, Fe** shows a strong Lewis acid-base interaction with
O, molecules, enabling its facile adsorption and conversion.

In an acidic medium, the coordination environment of the
Fe*'/Fe*" ions promotes the protonation of *OOH intermedi-
ates. The abundant H' ions in such conditions facilitate proton
transfer from the Fe**/Fe’* to *OOH, resulting in the formation
of *OH species. Subsequent desorption of *OH produces H,O.
Additionally, the interaction between the Fe**/Fe®" ions and the
oxygen atoms of the ligands lowers the electron-transfer resis-
tance, thereby enhancing the transfer of electrons from the
oxygen molecules to the catalytically active sites during the ORR
process.®’

This journal is © The Royal Society of Chemistry 2026
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In addition, we have designed a hybrid of Fe-Tp with
graphene (G) layers (Fe-Tp-x%G), which enhances the overall
dispersion of Fe-Tp as a catalyst in the system and further
improves the electrical conductivity. For the CER process, as
depicted in the theoretical studies, *OCl adsorption is more
favorable at the Fe-Tp units, and graphene shows stronger
interactions with *Cl and thus, Fe-Tp-G shows moderated
adsorption of *Cl with balanced Bader charges to enhance
CER activity. The designed Fe-Tp-10% G bifunctional cathode
for the Zn-ORR/CER battery was demonstrated by glowing 35
LEDs for 8 h after only 10 min of charge. Moreover, the
electrochromic effect and local pH studies have been utilized
for the CER in 0.4 M HCI, which remain unexplored for this
application.

Results and discussion
Synthesis and characterization

Fe-Tp-x%G was synthesized via an in situ inclusion of
graphene layers (x%: 5 to 15 wt% of the monomers) during
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the mechanochemical mixing of the organic linker (Tp: 1,3,5-
triformylphloroglucinol) and FeCl;-6H,0. The mixture was
thermally treated at 90 °C for 24 hours in a closed container
(Fig. 1a). The resulting solid monoliths were washed using
various solvents (N,N-dimethylacetamide, water, and acetone)
to remove unreacted reagents to obtain a dark brown powder
(detailed in SI). Notably, the powder X-ray diffraction (PXRD)
pattern showed the presence of Fe-Tp MOF and graphene layers
with their characteristic peaks. The sharp crystalline peaks at
20 values of ~17.2°,18.4°; and 18.8° indicated the formation of
biphasic crystalline Fe-Tp (Fig. 1b), which is similar to our
previously reported pristine MOF.**° In addition, the presence
of a peak at 260 = 26.7° (002) validates the presence of graphene
in the synthesised Fe-Tp-x% G (Fig. 1b and Fig. S1).
Furthermore, the FT-IR spectrum exhibits new peaks at
around 1558 cm ™', 1477 cm™ ', and 1240 cm ™', indicating the
formation of C—=0, C—C, and C-O coordination bonds, respec-
tively. (Fig. $2).*®2° The N, gas adsorption analysis highlighted the
porous features of Fe-Tp within the mixture with a Brunauer—
Emmett-Teller (BET) surface area of 112 m* g * (Fig. $3).**?° The
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(a) Schematic representation of the synthesis of FeTp-x% G showing the theoretical model of Fe-Tp, (b) the P-XRD patterns of pristine Fe-Tp and

the Fe-Tp-10% G, (c) the FE-SEM image of Fe-Tp-10% G, (d) and (e) the TEM images of Fe-Tp-10% G, and the deconvoluted (f) Fe 2p, (g) O 1sand (h) C 1s

XPS spectra for both Fe-Tp and Fe-Tp-10% G.

This journal is © The Royal Society of Chemistry 2026
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morphological attributes of the designed catalyst were examined
using field-emission scanning electron microscopy (FE-SEM),
which revealed the formation of spheres in Fe-Tp-10% G
(Fig. 1c). This was also further supported by the transmission
electron microscopy (TEM) images of Fe-Tp-10% G (Fig. 1d, e
and Fig. $4).

Notably, the HR-TEM images revealed the nanoscopic
assembly of Fe-Tp over the surface of the graphene layers
(Fig. 1e). Moreover, TEM-energy dispersive X-ray spectroscopic
(EDS) analysis showed the homogenous distribution of Fe, C
and O in both Fe-Tp and Fe-Tp-10% G (Fig. S5-S7). The selected
area electron diffraction (SAED) pattern of Fe-Tp-10% G shows
the presence of diffuse rings along with bright spots (Fig. S8)
confirming its crystallinity. The electronic structures of both
Fe-Tp and the Fe-Tp-x% G variants were analysed using X-ray
photoelectron spectroscopy (XPS), wherein the XPS survey scan
revealed a similar XPS spectra for all the variants with C, O and
Fe elements present in it with no impurities from the reaction
mixture (Fig. S9). Further, the Fe 2p XPS spectra were deconvo-
luted into two spin-orbit doublets at bindings corresponding to
2p1/, and 2p3, (Fig. 1f) along with a satellite peak at 715.15 eV.
The O1s XPS spectra were deconvoluted into three peaks at B.E.
of 529.46 eV, 531.30 eV and 534.37 eV, attributed to M-O, C-O
(phenolic O) and C—=O0O (aldehydic O), respectively (Fig. 1g).
Similarly, the C1s XPS spectra were deconvoluted into 3 peaks
at B.E. of 282.6 eV, 284.5 eV and 285.23 eV, respectively
(Fig. 1h). Furthermore, since the electrocatalytic activity of Fe-
Tp-10% G was tested in acidic media (0.4 M HCI), it’s stability
was evaluated in the same environment by dispersing the
powder in 0.4 M HCI solution for 24 h. Following this period,

View Article Online
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FE-SEM, TEM and P-XRD analyses were performed after thor-
ough washing and drying. As illustrated in Fig. S10, the XRD,
FE-SEM and TEM analyses reveal no significant changes in the
microstructure and morphology, indicating that the catalyst
did not dissolve in the solution.

Electrochemical chlorine evolution reaction

The efficacy of the designed catalyst (Fe-Tp and variants of Fe-
Tp-x% G) for Cl, production was evaluated by various electro-
chemical techniques. Initially, linear sweep voltammetry (LSV)
experiments were performed in 0.4 M HCI in the potential
range from 1.0 V to 2.0 V vs. RHE at a scan rate of 5 mV s "
while constantly stirring the solution at 600 rpm to facilitate the
removal of bubbles from the electrode surface. As observed
from the LSV curves in Fig. 2a (inset), the current density
started to rise steeply at around 1.4 V for all the catalysts.
Specifically, a current density of 100 mA cm ™ was achieved at
1.76 V for Fe-Tp-10% G, whereas a higher potential (Table S1)
was required for Fe-Tp and other variants to reach the same
current density.

To understand the interference from other electrochemical
reactions viz., the OER, the LSV curves were recorded in a Cl™ -
free electrolyte i.e., 0.2 M H,SO, (Fig. 2a). A comparison shows
that the Fe-Tp-10% G requires a 1.78 V potential to reach a
current density of 10 mA cm ™~ in the Cl™-free electrolyte, while
1.46 V is required to reach the same current density in the
presence of a Cl™-containing electrolyte, i.e., OER being 320 mV
higher than CER. Moreover, Fe-Tp-10% G reached a remarkable
current density of 254.8 mA em™? at 2.0 V (Table S1), putting
forth its superior activity for Cl, production, and is comparable
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Fig. 2 (a) LSV curves for Fe-Tp-10% G in 0.4 M HCl (for the CER) and 0.2 M H,SO, (for the OER) at a scan rate of 5 mV s (inset, LSV curves of Fe-Tp and

the Fe-Tp-x% G variants), (b) bar diagram showing current density retentio

n up to 500 LSV cycles, (c) photographic images of the electrochromic effect

on Fe-Tp and Fe-Tp-10% G represented by a color change, and (d) the mechanism of the electrochromic effect.
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to those reported in the literature (Table S2). Also, a compar-
ison of CER activity of Fe-Tp-10% G was carried out with that of
only graphene to understand the intrinsic role of Fe-Tp MOF.
As shown in Fig. S11 and Table S1, the graphene-only catalyst
exhibits a lower current density and a higher potential (2.0 V) at
100 mA cm >, Furthermore, a careful examination of Fe-Tp-
10% G towards CER activity was done by employing sequential
chronoamperometry analyses (Fig. S12) at different potentials
ranging from 0.8 V to 2.0 V. After observing a negligible rise in
current density up to 1.3 V, a sudden rise was observed at 1.4 V,
manifesting that the CER started between 1.3-1.4 V. Similarly,
for the OER, a rise in current density was observed only after
1.8 V. The higher selectivity for CER in the HCl medium could
be attributed to the faster kinetics for CER, as affirmed by the
lower Tafel slope (135 mV dec ') for the CER as compared to
the OER (367 mV dec ', Fig. S13).

The amount of Cl, gas produced during the CER was
quantified for Fe-Tp, Fe-Tp-10% G, and pristine graphene via
the iodometric titration method. To do this, chronoampero-
metric measurements were performed at 1.5 V for 10 min for
each catalyst, and the chlorine generated during electrochemi-
cal reaction was quantified using iodometry (detailed in the SI),
which revealed that Fe-Tp-10% G generated Cl, with a F.E. of
~96.5%, surpassing both Fe-Tp (87%) and graphene (78%,
Table S3). To understand the stability of the designed Fe-Tp-
10% G catalyst in Cl -containing electrolytes, cycling experi-
ments were performed up to 500 LSV cycles in 0.4 M HCI (Fig.
S14). As observed from the LSV curves in Fig. S14, no changes in
the potential were observed; however, an 18% decrease in the
current density was observed after 500 cycles (Fig. 2b). For a
similar reason, chronoamperometry was performed at 1.5 V vs.
RHE for 12 h (Fig. S15) and an average current density of ~29.4
mA cm™ > was obtained, which was stable for 12 h, depicting the
robustness of the catalyst in the presence of ClI~ ions. More
importantly, the activity of Fe-Tp-10% G was investigated in
highly corrosive conditions (Cl -rich electrolyte i.e., 5 M HCI)
and a current density of 416.82 mA cm™~> was achieved at 1.8 V
vs. RHE (Fig. S16).

Additionally, to investigate whether any Fe leaches from the
framework during electrolysis, the electrolyte following the
stability studies was examined via Microwave Plasma Atomic
Emission Spectrometry (MPAES). The concentration of Fe** in
the solution was recorded from MPAES before the reaction and
after 1 h and 24 h of the CER using the calibration curve (Fig.
S17, detailed in the SI). As shown in Table S4, there is negligible
dissolution of Fe in the solution, signifying the stability of the
catalyst in solution. This was further confirmed via fast scan-
ning electrochemical experiments carried out using a home-
made carbon microelectrode as the WE, Pt wire as the CE and
Ag/AgCl/3 M KCI as the RE. Being highly sensitive, the micro-
electrode was chosen to detect any trace amounts of metal
species, viz. Fe**/Fe’”, in the electrolyte, which could be leached
out in the solution after the CER. At first, known amounts of
FeCl; (5 and 8 ppm) were added into 0.4 M HCl and
cyclic voltammetry (CV) was conducted at different scan rates
(50 mvV s™' to 1 V s7'). The obtained CV curves showed

This journal is © The Royal Society of Chemistry 2026
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characteristic redox peaks of Fe*'/Fe*”, as shown in Fig. S18.
Subsequently, the electrolyte solution obtained following
chronoamperometry for 1 h was analyzed for any Fe metal
species. As illustrated in the lower section of Fig. S18, a small
redox peak corresponding to Fe was detected, which could also
be seen through the MPAES analysis.

Electrochromic effect

The electrochromic effect was also studied to deduce the
changes on the electrode surface during the CER using UV-
Vis spectrophotometry. For this purpose, the electrocatalyst
(Fe-Tp or Fe-Tp-10% G) was coated on a fluorine-doped tin
oxide (FTO) surface, which served as the working electrode
(WE), whilst Ag/AgCl/3 M KCl and a graphite rod were used as
the reference and counter electrodes, respectively. The UV-Vis
spectra and the simultaneous change in the color on the WE
during the electrochromic test were obtained using an in situ
UV-Vis spectro-electrochemical setup (detailed in the SI). The
visualization studies show noticeable changes in the color on
the WE, clearly as the potential was swept from 1.0 to 2.2 V. The
initial red color of the Fe-Tp gradually changed to transparent
(Fig. 2c and Fig. S19), while for Fe-Tp-10% G, the color changes
from brown (initial) to black (Fig. 2c and Fig. S20 and Movie S1,
SI). In both the catalysts, Fe-Tp gradually changed color and
eventually became colorless. This change suggests the trans-
formation of the O-containing moieties from C-OH groups
coordinated to the Fe metal centre (red color) to C—=O species
(pale yellow color, Fig. 2d), indicating H-atom abstraction
(ligand dehydrogenation®’). This transformation leads to a
metal-to-ligand charge transfer absorption, as observed in the
UV-Vis spectra (~ 600 nm, Fig. S21). Also, it is known that in the
presence of UV light, switching between Fe>* and Fe®" can
occur, resulting in a Fenton-like reaction to give OH™ moieties
in the solution.*® Therefore, to eliminate the effect of UV rays,
the CER on Fe-Tp (on an FTO surface) was performed outside
the spectro-electrochemical cell and a similar change in color
was observed, as shown in Movie S2, suggestive of a mechanism
consisting of an inherent change in the ligand structure. More-
over, the reversibility of this color change was tested by apply-
ing —1.0 V, and the red color started to appear again due to the
reversible reduction of the C=O present in the ligand
(Fig. S22).

In situ monitoring of local pH

It is crucial to note that the applied potential has an immense
effect on the electrolyte, which further affects the reaction
kinetics. Thus, a change in local pH during the chlorine
evolution reaction is inevitable according to eqn (8), yet it
remains unexplored.

2HCl 2 2H" + Cl, (8)

eqn (8) suggests that more protons are produced during the
CER, consistent with the deprotonation of water molecules
discussed in the above section. Therefore, the changes in the
local pH were evaluated using four-electrode micro-
electrochemical analysis using a gold (Au) microelectrode

Energy Environ. Sci.
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Fig. 3 (a) Schematic representation of the microelectrode studies of the local pH changes, (b) CV curves for the Au microelectrode (WE1, @ = 100 um) at

different substrate (WE2) potentials, (c) corresponding enlarged part of the CV curves showing a shift in the reduction peak potential when WE2 was
subjected to different potentials, (d) change in pH, E,eq and peak potential difference extracted from figure (b) and (e) 1500 CV cycling curves recorded for

the Au microelectrode when WE2 was simultaneously polarized at 1.9 V.

(tip, @ = 100 um) as working electrode 1 (WE1), a Fe-Tp-10% G
catalyst-coated glassy carbon plate (GCE) as working electrode 2
(WE2), and Ag/AgCl/3 M KCl and a graphite rod as the reference
and counter electrodes, respectively (Fig. 3a).

Initially, CV was conducted at the Au tip in the potential
range of 0 V to 1.6 Vvs. Ag/AgCl/3 M KCl in different electrolytes
with varying pH (~12 to ~0). A pair of redox peaks corres-
ponding to Au/AuO, was observed and as the pH is decreased,
there is a significant anodic shift in the reduction peak (Fig.
S23a). Subsequently, a calibration curve of pH vs. E.q was
drawn (Fig. S23b)."®*" Thereafter, the WE2 was polarized at
increasing anodic potentials ranging from 1.3 V to 2.3 V, and
simultaneously, CV was conducted at WE1 in sample
generation-tip collection (SG-TC) mode (Fig. 3b, ¢ and Fig.
S24). As observed from Fig. 3b and c, as the sample was
polarized to more anodic potentials, the peak potential corres-
ponding to the reduction (E..q) of AuO, shifted to become more
positive and thus, a decrease in pH was observed (Fig. 3d,
according to eqn (8)), which is supported by the calibration
curve. Strikingly, a similar change in pH was also observed with
time when the sample (WE2) was polarized at a fixed potential
of 1.9V, and a total of 1500 CV cycles (Fig. 3e) were recorded at
WE1 concurrently (~ 2.5 h). The decrease in local pH causes the
shift in the AuO, reduction peak;** however, repeated cycling
induces surface roughening on the Au microelectrode, reducing
the active sites and causing the cathodic peak current decay.*?
The monitoring of local pH allows for a qualitative analysis of
reaction kinetics using the peak potential difference (AEp). It
could be observed that an increase in AE, indicates slower
electron transfer at higher substrate potentials.

Energy Environ. Sci.

Computational studies

Density-functional theory (DFT) calculations were performed to
gain mechanistic insights into the CER and to rationalize the
catalytic performance of the graphene, Fe-Tp MOF, and Fe-Tp-G
systems using the Vienna Ab initio Simulation Package
(VASP).**™*® The detailed computational methodology is pro-
vided in the SI. The structural models of graphene, Fe-Tp MOF,
and Fe-Tp-G are illustrated in Fig. 4a-c.

To reduce the computational cost while preserving the
essential structural characteristics of the framework, a single
molecular unit of the Fe-Tp MOF was modeled (Fig. 4b) and
employed for subsequent calculations. To investigate the CER
activity in acidic media on graphene, the Fe-Tp MOF, and
Fe-Tp-G systems, a two-electron transfer reaction mechanism
was examined through two possible pathways involving CI* and
OCI* intermediates (* denotes an adsorbed species).”” The
most stable adsorption sites, the Fe center in the Fe-Tp MOF
and the C site in graphene, were considered for the construc-
tion of the free-energy profiles of the reaction. The corres-
ponding adsorption energies for each intermediate are
provided in Table S5 (detailed in the SI). Fig. 4d-f illustrates
the Gibbs free-energy change (AG) associated with each inter-
mediate step involved in the reaction step. The two plausible
mechanistic pathways were investigated, and the computed AG
values of the elementary steps for the CER are provided in the
SI (Table S6). At an equilibrium potential of 1.36 V, the reaction
pathway proceeding through the *OCI intermediate exhibits a
potential-determining step with an overpotential (i7) exceeding
2V for all the systems considered, indicating that this pathway

This journal is © The Royal Society of Chemistry 2026
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catalytic activity.

is thermodynamically unfavourable. In contrast, the pathway
involving the *Cl intermediate demonstrates a significantly
reduced overpotential, indicating a more favourable reaction
route. Notably, the Fe-Tp-G system exhibits the highest catalytic
activity, characterized by the lowest overpotential of —0.47 V.
These DFT-derived results are in good agreement with the
experimental observations, thereby further confirming that
the Fe-Tp-G framework provides a more efficient catalytic
platform for the CER.

To elucidate the catalytic activity, adsorption energies, Bader
charge analysis, and charge density difference (CDD) calcula-
tions were performed. The results indicate that the *Cl pathway
is more favourable than the *OCl pathway due to more optimal
adsorption energies (Table S6). For *Cl adsorption, pristine
graphene shows stronger interaction than Fe-Tp-G, accompa-
nied by a more negative charge on *Cl, as evidenced by the
Bader charge and CDD analyses (Fig. 4g-i). In contrast, the
molecular Fe-Tp unit exhibits the strongest adsorption and
charge transfer for *OCl due to the more positively charged
Fe center. Fe-Tp-G, however, provides moderated adsorption
with balanced charge transfer, which favors the *Cl pathway

This journal is © The Royal Society of Chemistry 2026

and enhances CER activity. The CDD plots further corroborate
these findings.

Electrochemical oxygen reduction reaction

To ensure the successful bifunctional behavior of the designed
catalyst for its utilization in a Zn-HCI/ORR battery, the electro-
chemical ORR activities of Fe-Tp and Fe-Tp-10% G were
assessed by recording the LSV curves in O,-saturated 0.4 M
HCI electrolyte from 0.6 V to —0.1 V on a rotating ring-disk
electrode (RRDE) at a rotation rate of 1300 rpm and a scan rate
of 5 mV s, Interestingly, Fe-Tp-10% G exhibited a superior
performance in the ORR (Fig. 5a) with an onset potential of
0.3 Vat —1 mA cm 2 and reached a higher diffusion-limiting
current density of —2.7 mA cm ™~ at —0.1 V, as compared to only
Fe-Tp (—1.61 mA cm™2). The superior activity of Fe-Tp-10% G
could be ascribed to increased conductivity of the electrocata-
lyst and the presence of n—m interactions of graphene with the
0O, molecules, increasing its adsorption and simultaneously,
weakening the O-O bonding for efficient ORR.**>°
Furthermore, the ORR performances were evaluated at
different rotation rates (0 to 1300 rpm) to evaluate the kinetics

Energy Environ. Sci.
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representation of the reaction mechanism.

of the reaction (Fig. 5b and c). As expected, the current density
increased with an increase in rotation rates for both the
catalysts. Afterwards, Koutecky-Levich (K-L) analysis was car-
ried out from the disc polarization curves of the RRDE to
determine the kinetic parameters and the number of electrons
involved in the ORR for all catalysts. The K-L plots illustrate
linear behavior between the inverse of the current density (j )
and the square root of the inverse of the rotation rate (w~*?) at
0.05 V, 0 V, —0.05 and —0.10 V vs. RHE, demonstrating first-
order kinetics (Fig. S25a and b). Also, the number of electrons
was found to be ~2-3 for both catalysts at all potentials,
demonstrating a 2 + 2e” reaction pathway for the ORR. Also,
the ring current (details in the SI) measurement was employed
to quantify the amount of H,O, formed during the ORR in
0.4 M HCI (Fig. S26). Fig. S27 shows a maximum H,O, percen-
tage of 22% with a F.E. of 23% at 0.45 V, showing a decrease
with an increase in the reduction potential. Further, the ORR
activity of Fe-Tp-10% G was compared with the HER (hydrogen
evolution reaction) activity in O,-free conditions (Ar-saturated
electrolyte), and a significant decrease in the current density (from
—0.5 mA cm > to —0.22 mA cm > at —0.2 V) was observed and no
faradaic reaction was seen till —0.05 V (Fig. S28). To understand the
applicability of Fe-Tp-10% G for industrial applications, stability
studies were performed by mimicking industrial conditions ie.,
under sudden shutdown conditions during the ORR.

Therefore, 20 cycles and 200 cycles of chronoamperometric
experiments were performed in O,-saturated 0.4 M HCI electro-
lyte by polarizing the sample at 0.1 V for 10 min, followed by
shutdown at open circuit potential (OCP, i.e., at 0 Vvs. E,) for 2
min, and the current was recorded. As observed from Fig. 5d,
the stable current response seen even after 20 cycles (4 h) and
200 cycles (40 h, Fig. S29) under multiple shutdowns endorsed

Energy Environ. Sci.

the high stability of the catalyst. Subsequently, the catalyst was
subjected to XPS, FE-SEM, P-XRD and HR-TEM analysis to under-
stand any changes following prolonged CER and ORR processes.
As shown in Fig. S30a, the Fe2p XPS spectra show the conversion
of Fe** to Fe”* upon the application of the ORR potential, as
depicted by the increase in the area of the Fe*" peak (at a higher
binding energy) relative to that of the Fe*" (at lower binding
energy). Whereas, after the CER, the Fe®" peak disappeared, which
is evidently due to the application of an oxidative potential
(Fig. S31a). However, no significant changes were observed in
the C1s and O1s XPS spectra (Fig. S30 and S31). Also, the P-XRD
spectra (Fig. S32), FE-SEM (Fig. S33) and HRTEM (Fig. S34)
analyses after the CER suggested the structure of Fe-Tp-10% G
remains intact with nearly the same mass fraction of Fe present,
as shown by the TEM-EDS spectra (Table S7). The presence of Cl
in the TEM-EDS dot mapping is from the HCI electrolyte.

Scanning electrochemical microscopy studies of the local
electrocatalytic activity

To understand the local electrocatalytic activity of the catalysts
during the ORR and their stability in corrosive HCl media, the
redox competition scanning electrochemical microscopy
(RC-SECM) mode (detailed in the SI) was performed using array-
scan measurements along the x-y plane.'8?7?92%3233,51736 yye
utilized an Au microelectrode (& = 100 um) as working electrode
1 (WE1), the catalyst (Fe-Tp and Fe-Tp-10% G) drop-casted on a
glassy carbon (GC) plate as WE2, Pt wire as the CE and Ag/AgCl/
3 M KCl as the RE. A potential pulse profile was applied to the Au
tip (WE1), wherein a base potential of 0.8 V was applied for
5 ms where no reaction takes place followed by application of the
ORR potential (0 V) for 5 s and then again followed by the base

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ee00064a

Open Access Article. Published on 03 June 2026. Downloaded on 6/3/2026 10:19:26 PM.

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

(cc)

Energy & Environmental Science

View Article Online

Paper

Data Acquisition

(a)

ORR@ WE1:0V
@ WE2: xV

@@
5, © &

WE1: Base potential @)
@ 0.8V

)
’Zf\®@

®&
o, ©: &

WEL1: Base potential
@0.8V

-4.8 nA

FeTp-10% G

4000 um
x=0.2V

Fig. 6

FeTp-10% G
4000 um
x=0.15V

(a) Schematic representation of the pulse profile used for the ORR in 0.4 M HCL. 2D RC-SECM images for the ORR over Fe-Tp-10% G and Fe-Tp at

-3.8nA

FeTp-10% G

4000 pm
x=0.1V

WE2 potentials of (b) 0.2 V, (c) 0.15V, and (d) 0.1 V where WE 1 was constantly subjected to the pulse profile in (a).

potential. On the other hand, the sample (WE2) was polarized at
different ORR potentials (Fig. 6a).

The 2D SECM images shown in Fig. 6b-d clearly show a good
color contrast between the active catalyst Fe-Tp and Fe-Tp-10% G
areas and the unmodified region (GC), which is attributed to the
availability of O, in the gap between the tip and the sample. As the
Au tip passes over the active catalyst zone where the electrolyte
was depleted of oxygen (due to reduction of O, by the catalyst) a
lower current was observed at the tip, while a higher tip current
was observed over the zones rich in oxygen. The image colors
change from navy blue through light blue to white; the white
colour indicates a smaller tip current and hence high ORR activity
of the Fe-Tp-10% G in HCI media. For better visibility of the
notable changes in the local electrocatalytic activity between the
two Fe-Tp-10% G and Fe-Tp catalysts, both the 2D and 3D SECM
images are presented at different scales (Fig. S35). More impor-
tantly, the ORR activity changes with the applied sample potential,
indicating that the observed behavior is due to the activity of the
catalyst and not due to the topography. This superior bifunctional
activity of Fe-Tp-10% G over Fe-Tp could be credited to the
facilitated charge transfer at the electrode-electrolyte interface
due to the presence of graphene. This is corroborated by the lower
charge transfer resistance (R.) obtained from the electrochemical
impedance spectroscopy (EIS, Fig. S36) studies, which is further
supported by the higher electrochemically active surface area
(ECSA, Fig. S37, detailed in the SI).

Zn-ORR/CER battery performance

The exceptional bifunctional activity of Fe-Tp-10% G towards
the CER and ORR inspired us to assemble a Zn-ORR/CER

This journal is © The Royal Society of Chemistry 2026

battery. The battery was assembled using a home-made
H-type cell from a cathode consisting of the catalyst coated
on carbon paper placed in 0.4 M HCI electrolyte, an anode
made from Zn foil in 1 M KOH + 0.02 M Zn(OAc), electrolyte,
and a membrane separator. The rechargeable Zn-ORR/CER
battery involves 4e” oxygen reduction producing H,O during
discharge, followed by spontaneous formation of zincate
anions (Zn(OH),*"). During charging, the CER (Cl, production)
occurs, coupled with Zn deposition at the anode (Fig. 7a).
Notably, the choice of alkaline media over acidic media at the
anodic side is crucial, as Zn reacts aggressively in acidic media
and is prone to corrosion. The assembled battery was subjected
to open circuit voltage (OCV) and a stable OCV of ~1.60 V
(Fig. S38) was recorded for 20 h and, as a practical demonstra-
tion, the cell was able to glow a red LED light of 1.5 V.
Afterwards, the linear polarization discharge curves for both
the Fe-Tp and Fe-Tp-10% G catalysts in O,-saturated 0.4 M HCl
were compared from 1.5 V to 0.6 V vs. Zn/Zn>*, and it was
observed that similar to the half-cell studies, Fe-Tp-10% G
exhibited a superior ORR activity (Fig. S39) as compared to
Fe-Tp. As a control experiment, the discharge polarization curve
for Fe-Tp-10% G was also recorded in Ar-saturated 0.4 M HCI.
As shown in Fig. S40, the current density starts to decrease at a
cell voltage of 1.32 V and the maximum power density of the
assembled cell was calculated to be 5.4 mW cm ™2 at a discharge
current density of 8.46 mA cm? (Fig. S41a and b). In conjunc-
tion with the discharge, the charging reaction, i.e., the CER, was
evaluated by recording the LSV from 1.5 V to 3.0 V. An onset for
the CER was observed at around 2.5 V (Fig. S41c), whereas upon
replacing the HCI electrolyte with 0.2 M H,SO,, the oxidation
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connected, and (e) voltage measurement during the practical demonstration of the battery; inset photographs showing 35 LEDs glowing while

connected to the batteries at different time intervals.

current due to the OER started increasing after 2.8 V (Fig. S41c).
It was also observed that Fe-Tp-10% G showed a better charge
performance as compared to other variants (Fig. S41d). There-
fore, for a rechargeable Zn-ORR/CER battery, the ORR and CER
are involved as discharging and charging reactions. Moreover,
sequential chronopotentiometry was recorded for both the
discharge and charging processes at different current densities
for 15 min each and a stable response at all current densities
was observed when increasing from 0.5 mA cm > to 10 mA cm™ 2
and when applying reverse current density, thereby demonstrat-
ing stable battery performance (Fig. S42).

Further, the long-term stability of the battery was tested by
recording galvanostatic charge-discharge at different current
densities (2.5, 5, and 10 mA cm 2, denoted as x mA cm ?),
where a discharge current of —x mA cm™> was applied for 10
min, followed by a charge current of +x mA cm ™ for 10 min. It
was observed that the battery was quite stable and after some
time, the Zn anode was polished to be operated again at a
different current density (Fig. 7b). The battery showed
an energy density of 804 Wh kg ' when discharged at
5 mA cm > (Fig. S43). Also, as the battery setup comprises
two widely different pH levels in both chambers of the H-cell, a
bipolar membrane could prove to be viable for the Zn-ORR/CER
battery. Therefore, we compared the galvanostatic charge-dis-
charge cycling stability using both a proton exchange and a
bipolar membrane (BPM, detailed in the SI). It was observed
that at a current density of 2.5 mA cm ™2, the BPM illustrated an
enhanced cycling stability of >250 h (Fig. 7c and Fig. S44). This
long-term stability test via galvanostatic charge-discharge

Energy Environ. Sci.

experiments was carried out in the presence of O, gas. As O,
dissolves in the electrolyte (0.4 M HCI), the discharge voltage
starts increasing, resulting in a reduced voltage gap that
indicates the discharge reaction is the ORR. However, the O,
was cut-off after sufficient dissolution, but as the reactant gas
gets consumed during discharge, the voltage gap starts to
increase. Thus, the fluctuation in the voltage gap during the
stability tests is attributed to the above phenomenon.

Another advantage of this battery system is its use in
practical applications. For this purpose, two Zn-ORR/CER bat-
teries were connected in series (Fig. 7d) and an OCV of ~3.4 V
was observed (Fig. 7e). After about 18 h, the cells were con-
nected to an LED panel of 35 green LEDs (1.9 V) connected in
parallel and the LEDs glowed for about 16 h (Fig. 7e and
Fig. S45). Afterwards, the cells were charged for 10 min at
10 mA, which led to a successful and continuous discharge for
about 8 h. This cycle was repeated 2 times, and similar
behaviour was observed. The above findings demonstrate that
this field could prove to be of new interest and create pathways
to produce Cl, along with simultaneous energy storage.

Conclusions

This work presents a sustainable Zn-ORR/CER battery that not
only enables green Cl, production as an industrially valuable
product from important industrial HCl waste but also
addresses energy storage demands through a “three targets,
one shot” approach. The use of an iron-based MOF as a

This journal is © The Royal Society of Chemistry 2026
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bifunctional catalyst ensures robustness under harsh condi-
tions, while mechanistic insights from DFT studies elucidate
the CER pathway and associated local pH dynamics. Demon-
strating rapid charging and reliable energy delivery, this system
highlights a promising platform for integrating chemical pro-
duction with energy storage in future circular electrochemical
technologies.
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