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The rational development of efficient electrocatalysts to augment the sluggish oxygen reduction reaction
(ORR) is essential for energy conversion and storage. Silver-based electrocatalysts have shown good
performance towards ORR among the potential alternatives to commercial Pt electrocatalysts. Mixed
transition metal oxides (MTMO) have also proven to be efficient towards ORR. This work demonstrates
the excellent ORR activity of an Ag-doped MnsO, and AgCl composite synthesized in a single-step
coprecipitation method. Compared to Pt/C, the composite exhibited outstanding methanol tolerance
and stability. The superior activity of the composite is attributed to the synergistic contribution of the

upshift of the d band center of Ag in AgCl and the presence of Mn2*, and Mn**/Mn** redox centers in
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Accepted 8th August 2024 MnzO4. A slight reduction in ORR activity was observed after stability cycles due to the electrochemical
conversion of AgCl to nanoporous Ag; nonetheless, the performance can be restored by regenerating

DOI: 10.1035/d4ta03285¢ AgCl through gentle treatment with HCL This work provides insights into developing cost-effective,
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1. Introduction

The development of alternative methods for producing and
storing energy is the prime concern in this era.* Sustainable
energy production has attracted significant attention to reduce
the over-exploitation of fossil fuels and reduce pollution to the
environment.®* Fuel cells are an efficient alternative for
sustainable energy production. Among the various types of fuel
cells, direct methanol fuel cells (DMFC) possess several advan-
tages, such as high power density and safe fuel storage.**
Commercially used electrocatalysts for methanol oxidation
reaction (MOR) and oxygen reduction reaction (ORR) are Pt-Ru/
C and Pt/C, respectively. The high cost, limited availability, and
lower stability hamper the use of Pt-based anode and cathode
catalysts, hence the commercialization of DMFC. In addition to
that, Pt/C and Pt-alloy-based catalysts are prone to CO
poisoning, reducing the efficiency of DMFCs.”* Pt/C, when used
as a cathode catalyst, is not methanol tolerant, generating
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methanol-tolerant, and stable electrocatalysts for ORR.

a mixed potential in the event of methanol crossover in DMFC.
This points to the need for a non-corrosive and selective
cathode catalyst.

Transition metal oxides (TMO) are materials that have been
extensively researched regarding their catalytic activity. Prop-
erties like the availability of multiple oxidation states, low cost,
earth-abundance, and environmentally benign nature make
TMO a promising alternative for high-cost Pt/C catalyst towards
ORR. The ability to tailor the catalytic activity by varying the
composition and structure or by introducing elements via
doping are attractive features of TMOs. Several works exhibiting
improved ORR activity of TMOs with proper carbon-based
support materials have been reported.>'® Mixed transition
metal oxides (MTMO), a class of TMO existing with different
cationic states, are particularly interesting due to the easy
tuning of structure and property. MTMOs have many donor-
acceptor chemisorption sites because of multiple valence
cations, thus facilitating more efficient reversible oxygen
adsorption. MTMOs also have higher electrical conductivity,
which is tunable compared to TMOs, due to the lower activation
energy for electron transfer between cations.™

Manganese oxides have been reported to exhibit good cata-
Iytic activity towards ORR."*™* High abundance, low cost, and
facile synthesis procedures make manganese oxides a potential
candidate. MnOx-based materials have been reported to exhibit
ORR activity at par with Pt/C. Several studies were reported
analyzing the role of different oxidation states of Mn and the
structural arrangement of oxides on the catalytic activity.

This journal is © The Royal Society of Chemistry 2024
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Manganese is found in different oxidation states in its various
oxides like Mn*", Mn*", and Mn*" in MnO, Mn;0,, Mn,0s, and
MnO,."®*® It was demonstrated that Mn*'/Mn*" species were
relevant for ORR activity."” A study on crystalline structures of
MnO, reported that o form showed the highest activity among
different structures.'” The lower conductivity of oxides was one
major challenge that limited manganese oxides in large-scale
electrocatalytic applications. The incorporation of transition
metals like Pd, Ni, etc., and the addition of high surface area
and highly conductive carbon supports have been reported to
overcome these challenges.’ Mixed transition metal oxides of
Mn, Cu, and Co with carbon supports have also shown superior
activity toward ORR.™?° The literature suggests that the struc-
tures possessing octahedrally coordinated Mn(m) display
excellent catalytic performance, and the eg' antibonding elec-
tron supports Mn(m) to form flexible Mn(m)-O bonds. It was
inferred that the Mn(u)-O in edge-sharing octahedra at the
surface are catalytically more effective.

Mn;0, is the most stable oxide form of Mn that exists in an
alkaline medium. The existence of higher surface area and the
ability to alter the different valencies, such as 3+ and 4+, can
result in enhanced ORR performance.* The high ratio of Mn**/
Mn>" suggests the richness in Mn®>* species and results in
defect-rich Mn;0,. Mn*" abundance leads to enhanced ORR
performance.” It is also reported that the defected Mnz;O,
species possess a lower ring current and, hence, lower peroxide
production. Moreover, the presence of Mn*" in the Mn;0,
surface also reduces the OH* desorption energy in ORR and
enhances the performance. The splitting of O-O bond results
due to the coexistence of Mn®*" and Mn*" oxidation states,
further improving the reduction of O, to OH™. The presence of
oxygen vacancies also promotes the adsorption of O, molecules.
It transforms them into OO, species, an inevitable step similar
to OH™ desorption in the ORR mechanism. Literature also
reports that Mn*" is superior in peroxide decomposition. Thus,
it is proved that the presence of oxygen vacancies, Mn**, and
Mn*" can together contribute to excellent ORR activity.?*?*

Silver doping, or the addition of silver nanoparticles, is also
shown to contribute to the enhanced ORR activity of TMOs."
One drawback of silver is associated with the low-lying d-orbital,
which can be solved by forming AgX, in which an upshift of the
d-band center occurs. It has been observed that among the
halides, silver chloride was showing the most promising activity
comparable to that of Pt/C. The presence of a highly electro-
negative chlorine atom results in the prominent upshift of the
d-band center, thereby enhancing the catalytic activity of the
compound. A recent study has compared the ORR activities of
different halides of silver with that of commercial Pt/C. Choi
et al. reported a Bader charge analysis to support the theory that
the difference in electronegativity leads to a movement of
electrons from Ag to Cl. In AgCl (200), 0.59¢ ™ are transferred due
to the electronegativity difference from Ag to nearby Cl. Due to
the charge transfer, the d-band center energy of Ag in AgCl
(—1.79 eV) is higher than that of pure Ag (—3.68 €V), leading in
a stronger binding between Ag and oxygen species, which
positively contributes towards the ORR activity.”® From DFT
calculations, Jin et al. reported that AgCl possesses the highest
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&q value, which is near to Pt in comparison with AgBr, Ag,0,
etc.”® It is reported that the transfer of electrons from Ag to the
Mn;0, promotes the kinetics of O-O bond splitting due to the
upshift of the d-band.””**

In this work, we demonstrate the combination of AgCl,
Mn;0,4, and Ag-doped Mn;0, to improve the ORR performance.
A simple coprecipitation method is adopted for the synthesis of
the composite. The composite exhibited excellent ORR activity
with an insignificant production of hydrogen peroxide. The
presence of Mn**, Mn**, and Mn*" in Mn;0, and the upshift of
the d band center of Ag in AgCl together leads to the augmented
ORR performance.

2. Experimental section
2.1 Chemicals and reagents

Silver nitrate (AgNO;) was purchased from Spectrochem, man-
ganese(u) chloride from Alfa Aesar, sodium hydroxide from
Merck India, and the commercial catalyst Pt/C with 20% Pt
loading on graphitized carbon from Sigma-Aldrich. No addi-
tional purification of chemicals was performed before use. All
syntheses and analyses were performed with deionized (DI)
distilled water with 18.2 MQ cm resistivity (Elga—PureLab
Quest).

2.2 Synthesis of AgCl-Ag:Mn;0, composite

The AgCl-Ag:Mn;0, composite was synthesized through the
coprecipitation method. 0.05 M silver nitrate and 0.025 M
manganese(u) chloride solutions were separately prepared in
water. The manganese chloride solution was added dropwise (3
mL min~") to the silver nitrate solution at room temperature,
followed by stirring (600 rpm) for 10 min. The Ag" in the solu-
tion reacts with C1™ and forms AgCl. To this solution, 1 M NaOH
is added, and the pH is adjusted to 10, which results in the
formation of oxide of Mn, Mn;O,. During this process,
a significantly low concentration of Ag is doped into the Mn;0,
lattice. The solution was further stirred for 40 min and washed
the product with water and ethanol sequentially. The final
product was collected by centrifuging and drying at 80 °C. A
schematic of the synthesis method is given in the ESI in
Fig. S1.7 Detailed characterizations were done, which indicate
the formation of AgCl, Mn;0,, and Ag-doped Mn;0, composite,
denoted in this manuscript as AgCl-Ag:Mn;0,. The single-step
coprecipitation synthesis resulted in the formation of the
composite with structural integrity, and the synthesis with the
same integrated structure with the same size ranges could be
repeated. Such structural integrity is not observed when AgCl
and Mn;0, are synthesized separately and mixed in a two-step
process. It was observed that the reaction conditions such as
rate of addition, stirring speed, and order of addition in the
single-step method possess a significant role in generating the
integrated structure and the size distribution and eliminating
Ag,0-like silver oxides, which reduces the ORR performance.
To know the role of pristine AgCl and Mn;0O, towards the
ORR activity, Mn;0,, and pristine AgCl were synthesized sepa-
rately, and investigated their ORR performance. Ag-Mn;0O, was
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synthesized in nano and bulk form to examine the role of AgCl
in ORR performance. To apprehend the role of the in situ
synthesis conditions in detail, a two-step synthesis of AgCl-
Mn;0, was performed. AgCl and Mn;O, were synthesized
separately and mixed by stirring the two solutions. The physi-
cally mixed AgCl and Mn;0, were analyzed towards ORR. The
synthetic procedures of all these materials are explained in the
ESLT

2.3 Material characterization

The morphology analysis was performed with Carl Zeiss Sigma
model (RA-ZEI-001), and Carl Zeiss Gemini Sigma 300 SEM
operating at a maximum of 15 kV accelerating voltage. EDS
analysis was performed using an Energy Dispersive X-ray spec-
trometer (Horiba, EMAX, 137 eV). Detailed morphology analysis
was performed using a Thermofisher (Talos F200 S) Trans-
mission Electron Microscope (TEM) operating at 200 kV accel-
erating voltage. Crystal structures of all materials were
investigated through XRD analysis, and it was performed with
Panalytical Xpert®, Netherlands (XRD) within a 26 range of 10 to
90° with CuKa as the incident radiation. Rietveld refinement of
the powder diffraction patterns was conducted using GSAS II
software.” A pseudo-Voigt function was used to generate the
profile shape. The irregular background was fitted by selecting
points manually and using the Chebychev function. Oxidation
states were identified with the XPS using the Omicron Nano-
technology X-ray photoelectron spectrometer with a scanning X-
ray source (AlKa). The analysis of the XPS spectrum was per-
formed with Casa XPS software, and the background was cor-
rected by Shirley background correction. PerkinElmer Frontier
FTIR spectrometer and Horiba LabRAM HR Evolution Confocal
Raman Microscope with laser excitation at 532 nm were used
for collecting the FTIR and Raman spectra, respectively.

2.4 DFT calculation

The partial density of state (pDOS) of Ag and AgCl was plotted
through density functional theory (DFT) calculation using the
Quantum Espresso (QE) package.**** QE employs a plane-wave
basis set and pseudopotentials to simulate quantum-
mechanical phenomena in materials. The simulations in QE
are executed using the Perdew-Burke-Ernzerhof (PBE) func-
tional, which belongs to the category of generalized gradient
approximation (GGA). This provides an improved description of
electronic exchange and correlation effects compared to other
simpler functionals.

2.5 Electrochemical tests

The electrochemical analysis of the catalysts was performed
with a three-electrode setup with a potentiostat Autolab M204
instrument (Metrohm) at room temperature. Metrohm AG
(Switzerland, Herisau) rotating disc electrode (RDE) system was
connected with the potentiostat for all measurements. For the
electrochemical measurements, a 5 mm diameter glassy carbon
RDE was used as the working electrode, Ag/AgCl, and platinum
coil were used as reference and counter electrodes. 0.1 M NaOH
was used as the electrolyte, and oxygen saturation was ensured
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before all ORR measurements. A 30 min purging with 99.6%
pure oxygen or nitrogen is performed to ensure the saturation of
the respective gases. Peroxide production with ORR was calcu-
lated from the disc and ring currents measured with a rotating
ring disc electrode (RRDE-5 mm diameter glassy carbon disc
with a concentric platinum ring at 375 um distance). All other
conditions remain the same for RDE and RRDE measurements.
Before the measurements, electrochemical cleaning of the
electrodes was done using 0.1 M perchloric acid. A saturated
calomel electrode was used as the reference electrode for elec-
trochemical cleaning purposes. All the measured potentials
were calibrated to the reversible hydrogen electrode (RHE)
using the equation E(RHE) = E(Ag/AgCl) + E°(Ag/AgCl) +
0.059pH. A 40 minutes continuous sonication was performed to
ensure the homogeneous dispersion of catalyst ink with a 1:1
ratio of DI water to the catalyst, and 10 pL of the ink was drop
cast on the working electrodes. Room temperature drying of
electrode surfaces was done before measurements. The cyclic
voltammetry (CV) was measured in the range of 0.2 V to +1.1 V
(vs. RHE) at a scan rate of 10 mV s~ *. The polarization curve was
measured between 0.2 V to +1.1 V (vs. RHE) with a scan rate of
10 mV s~ ! and rotation speeds from zero to 2600 rpm. Elec-
trochemical impedance spectroscopic measurements (EIS) were
carried out at the three regions of the polarization curve with
a high and low frequency of 25000 Hz and 0.1 Hz. The EIS
results were collected at zero rpm and analyzed with Zsimpwin
software. ADT analysis was conducted for 2500 cycles of cyclic
voltammetry, and polarization curves were plotted before and
after the cyclic voltammetry cycles to compare the performance.
Methanol tolerance was analyzed with LSV. Linear sweep vol-
tammetry at 1600 rpm was analyzed before and after adding 1 M
methanol. The hydrogen peroxide produced during the ORR
can be obtained with the equation,

2x1I./N

%H,0, = ——
/H:0 Iy+I./N

x 100

I; and I, are the disc and ring electrode currents, and the
collection coefficient of H,0, is 0.32 at the RRDE Pt ring. The
electron transfer number involved in the reaction is calculated

using the equation,
I,
n:4><1d/<1d+ﬁ>

Fuel cell performance was studied with a single DMFC cell.
The detailed preparation of MEA and OCV measurement with
the single cell is discussed in ESIL.{

3. Results and discussion

Platinum is a widely recognized electrocatalyst for fuel cell
applications. However, the cost, poor stability, the tendency to
form aggregates, and coarsening during the reaction pathway
reduce the electrode’s lifetime. In this study, we report a prom-
ising alternative catalyst, AgCl-Ag:Mn;0,, in terms of methanol
tolerance and stability even after 2500 cycles. A slight reduction
in catalytic activity was observed after 2500 cycles, and a mild

This journal is © The Royal Society of Chemistry 2024
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acid treatment of the composite could regenerate the catalytic
activity for long-term application. Fig. 1A shows the accelerated
durability test (ADT) of the AgCl-Ag:Mn;0, and the regenera-
tion of the catalyst. Linear sweep voltammograms (LSV) of the
catalyst at 1600 rpm before and after 2500 CV cycles in an O,-
saturated electrolyte and the LSV of regenerated material are
displayed in Fig. 1A. Initially, the onset potential, E,, and
limiting current density of AgCl-Ag:Mn;0, was at 0.834 V,
0.641 V, and —3.97 mA cm 2, which are slightly shifted to
0.795V, 0.638 V, and —3.75 mA cm 2 after the 2500 cycles. It is
to be noted here that the Pt/C shows a significant reduction in
performance with a substantial shift compared to the catalyst
developed here (see below). The slight change in onset potential
and E;j, of AgCl-Ag:Mn;0, could be regenerated after a mild
treatment with 0.1 M HCI for two hours. The onset potential, E;,
2, and the limiting current density were shifted to 0.826 V,
0.648 V, and —3.78 mA cm™ 2 after regeneration. Characteriza-
tions suggested the conversion of AgCl to Ag during repeated
electrochemical cycles and regeneration to AgCl after acid
treatment, while Mn;0, is intact. A cartoonic representation of
the process during ADT and regeneration is described in
Fig. 1B.

The excellent stability and remarkable regenerability
exhibited by this catalyst, as well as the methanol tolerance
underscore its excellent ORR performance and hold great
promise for its applications in direct methanol fuel cells.

Detailed morphological and structural characterizations
were performed to understand the composition of the catalyst
and its catalytic activity. Scanning electron microscopic images
were analyzed to infer the morphology of the material, and the
occurrence of polydispersed nanosized particles was confirmed
from the SEM image shown in Fig. 2A. The aggregates of
particles are arranged like layers. The single-step synthesis only
formed an integrated structure. The morphological and
elemental analysis was performed for Ag-Mn;0, (bulk) and two-
step derived AgCl-Mn;0, The corresponding results are shown
in Fig. S2.7

Elemental analysis was performed with EDS, establishing
the presence of Ag, Cl, Mn, and O within the composite, shown
in Fig. 2B. The corresponding atomic percentage is shown in the
inset of Fig. 2B. Carbon is from the carbon tape used for drop
casting the material for SEM and EDS analysis. Fig. 2C repre-
sents the area of the electronic image used for elemental

1
< o!...m.. 795y 0826V o ;' e
E | After2500 cycles 0.834V
O |——After rageneration with 0.1M HCI € ’
3 7 €€
G 2 / €
8 et : @ -
3 Xt o
: ¢ & —
o4 ' "

02 03 04 05 06 07 08 09 10
Potential (V) vs RHE

Fig. 1 ADT analysis and regeneration profile of AgCl-Ag:MnszO, at
1600 rpm (A), and cartoonic representation of regeneration of AgCl—
Ag:Mn3O4 (B).

This journal is © The Royal Society of Chemistry 2024

View Article Online

Journal of Materials Chemistry A

Fig. 2 FE-SEM image of AgCl-Ag:MnzO,4 (A), EDS spectrum (
electronic image (C) and elemental mapping of AgCl- Ag.Mn3O4
(D-Q).

mapping, and Fig. 2D-G represents the uniform distribution of
Ag, Cl, Mn, and O within the system.

The TEM image shown in Fig. 3A describes the distribution
of polydispersed particles arranged in layers. It may be noted
that the same reaction conditions led to the repeatable size
ranges of the particles used in this study. Fig. 3B shows the
HRTEM image of the material. The lattice spacing corresponds
to the planes of both AgCl and Mn;0, are evident from the
image. The lattice spacing of 0.166 nm corresponds to the (311)
plane of AgCl. The 0.24 nm lattice spacing is assigned to the
(211) plane, and 0.3 nm can be assigned to the (112) plane of
tetragonal Mn;Oy,,

Fig. 3C shows the refined XRD pattern of the AgCl-Ag:Mn;0,
composite. The presence of peaks at 27.7°, 32.1°, 46.1°, 54.7°,
57.3°, 67.3°, 74.3°, 76.6°, 85.6° can be assigned to the charac-
teristic peaks of (111), (200), (220), (311), (222), (400), (331),
(420), and (422) planes of cubic AgCl with space group Fm3m.
The obtained data are in agreement with the JCPDS 00-031-

—— Background
Difference

| Ag doped Mn,0,

| Ag

| Agcl

Intensity (a.u.)

N ljlnLJ.

T TN I

10 20 30 40 50 60 70 80 90
26 (°/Cu Ka)

Fig. 3 TEM image (A), HRTEM image (B) of AgCl-Ag:MnzOy,
refined XRD pattern of AgCl-Ag:MnzO,4 (C), the crystal structure of
Ag:Mn3O4 (D).
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1238.%>?¢ The peaks at 35.9°, 38°, 44.2°, 59.8°, and 64.3° can be  197.5 and 199.5 eV for Cl 2p;/, and Cl 2p,,,, respectively, from
assigned to tetragonal Mn3;O, planes (211), (004), (220), (224), the AgCl, and the additional peaks obtained at 199.7, and
and (400) respectively. Moreover, the enhancement in the 201.5 eV indicated the presence of residual chlorine.** Mn 2p
intensity of peak present at 32.1°, 74.3°,76.6°, and 85.6° can be region is displayed in Fig. 4C. The characteristic Mn 2p;,, and
further assigned to the (103), (413), (422), and (424) planes of 2p,,, peaks were observed at 640 and 651.96 eV with a separa-
Mn;0, and the obtained result agrees with the JCPDS 01-089- tion of 11.9 eV, which agrees with the reported value for mixed
4837.%>3 Apart from the AgCl and Mn;0, phases, metallic silver ~valence Mn;0,.***” The Mn 2p;/, and 2p,,, peaks can be further
was also present in the composites, as evident from the resolved into three characteristic peaks each at 640, 651.96 eV
diffraction pattern. belonging to Mn>" 2p;,,. and 2py,, 641.75, 653.41 eV are the
From the Rietveld refinement results, a small amount of Ag"  2p;,, and 2p,/, peaks of Mn** and at 643.45 eV attributed to the
(7%) was observed to be incorporated into the Mn®" site of the Mn*" oxidation state arising from the charge balancing due to
Mn;O,. The refinement results are summarized in Table S1in  the Ag" doping in the lattice. The presence of Mn**/Mn** couple
the ESI.t The weight fractions of the phases AgCl, Ag-doped in the system suggests the suitability of the material in ORR
Mn;0, (Ag:Mn;0,), and metallic Ag were 0.722, 0.194, and application. The O 1s spectrum can be resolved into three,
0.083, respectively. The crystal structure of the Ag-doped which is shown in Fig. 4D. The peaks at 528.7 (O;), 530.5(Oyy),
Mn;0, drawn using VESTA software is given in Fig. 3D.>**  and 532.2(Oyy;) €V can be attributed to the 0>~ in Mn;O, crystal
The doping of Ag" in the Mn>" site leads to the formation of lattice, chemisorbed oxygen or hydroxyl group, and the pres-
Mn*" in the lattice. Due to the similar X-ray scattering power of ence of physisorbed or chemisorbed surface water molecules.
Mn?*" and Mn**, Mn*" is not detected in the XRD refinement; The XPS of Ag-Mn;0, in the Ag 3d region, shown in Fig. 4E,
however, the presence of Mn*" is confirmed from XPS. The exhibited characteristic peaks corresponding to metallic Ag
XRD result obtained for the Ag:Mn;0,, Mn;0,, pristine AgCl, (367.89 eV and 373.87 eV) with the Ag peaks in Ag,O. Presence of
and AgCl-Mn;0, (two-step derived) is explained in ESI in Mn"" is not observed in Ag-Mn;0, (Fig. 4F). The characteristic
Fig. S2.1 Mn>" peaks were observed at 640.3, and 652.18 eV, and Mn**
The electronic state for the AgCl-Ag:Mn;0,4, and Ag-Mn;O, peaks were observed at 643.1, and 655.2 eV, respectively. The O
systems were analyzed by XPS, shown in Fig. 4. The survey 1s spectrum is deconvoluted into three peaks at 529.1, 530.6,
spectrum of the AgCl-Ag:Mn;0, system confirms the presence and 532.6 eV corresponding to 0’ in Mn;0, crystal lattice,
of Ag, Cl, Mn, and O, shown in the ESI in Fig. S3.f The XRD chemisorbed oxygen or hydroxyl group, and physisorbed or
indicated the presence of two types of Ag’, one as doped in the chemisorbed surface water molecules (Fig. 4G). The presence of
lattice of Mn;0O, and the second as AgCl. These two Ag' are three peaks in the O 1s region is reported as due to the presence
evident in XPS in the Ag 3d region shown in Fig. 4A. Ag" in the of oxygen vacancy in the metal oxides.*
Mn;0, lattice possesses characteristic peaks at 366.2 and The existence of oxygen vacancies in the catalysts are
372.2 €V with a spin-orbit coupling of 6 eV, and Ag" in the AgCl  confirmed with EPR spectrum. The EPR spectra of AgCl-
is present at 367.97 and 373.99 eV. Ag® peaks are present at Ag:Mn;0, and Ag-Mn;0O, are given in the ESI Fig. S4.F The peak
369.5 and 375.57 €V.*** The core level spectrum of Cl 2p can be  is due to the presence of unpaired electrons, which are trapped
resolved into four characteristic peaks, as shown in Fig. 4B, at in the oxygen vacancies. A higher peak intensity is observed for

B~ 0 = O

Intensity (a.u.)

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

363 366 369 372 375 378 194 196 198 200 202 204 635 640 645 650 655 660 522 524 526 528 530 532 534 536 538 540
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)

Mn 2 O1s
- g il

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

364 366 368 370 372 374 376 378 380 635 640 645 650 655 660 665 524 526 528 530 532 534 536 538 540
Binding enenrgy (eV) Binding energy (eV) Binding energy (eV)

Fig.4 X-ray photoelectron spectrain the Ag 3d (A), Cl 2p (B), Mn 2p (C), and O 1s (D) regions of AQCl-Ag:MnzOy,, Ag 3d (E), Mn 2p (F), and O 1s (G)
of Ag—Mnz0O4.
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AgCl-Ag:Mn;0, than Ag-Mn;0, which supports the greater
extent of oxygen vacancy formation in AgCl-Ag:Mn;0,.

FTIR and Raman spectroscopic analyses were performed to
gather information about the presence of functional groups.
The spectra are shown in Fig. S5A, B, and C,T respectively. The
characteristic peaks in the lower region 400-600 cm ™" of FTIR
correspond to Mn-O vibrations. The Raman spectrum is
consistent with the Mn;O, reported in the literature. The red
shift of the Raman peak in AgCl-Ag:Mn;0, compared to Mnz;O,
also supports the structural distortion in Mn;O, by the Ag
doping (see Fig. S57).

3.1 Electrochemical ORR evaluation of the catalyst

Fig. 5A compares the cyclic voltammogram of the catalysts in
nitrogen and oxygen-saturated 0.1 M NaOH solution in a poten-
tial range of 0.2 to 1.1 V vs. RHE (scan rate of 10 mV s™'). A
prominent peak at 0.68 V shows the ORR activity for the catalyst
in the O,-saturated atmosphere, and the peak was absent in the
N,-saturated atmosphere. A detailed evaluation of the catalyst's
performance was analyzed with ORR polarization, which was
performed using catalyst-coated RDE as the working electrode
from zero to 2600 rpm. The result obtained is shown in Fig. 5B.
An increased current density with rpm is observed, with the
limiting current density reaching —5.89 mA cm™? at 2600 rpm.
The ORR activity of the catalyst is compared with Mn;0, and
pristine AgCl, which is shown in Fig. 5C. The potential at —0.1
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Fig. 5 CV in N, and O, saturated electrolyte (A), LSV of AgCl-
Ag:MnzO4 with different rotation rates (B), ORR comparison of Pt/C,
AgCl-Ag:Mnz04 with Mn3z0O,4, and AgCl at 1600 rpm (C), Tafel plots of
the AgCl-Ag:Mnz04 and MnzO4, and AgCl (D), and comparison of EIS
at 0.776 V of AgCl-Ag:Mnz0,4 and MnzO4 (E).
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mA cm > current density is the onset potential. The onset
potential obtained for the catalysts is in the order 0.941 V (Pt/C)
> 0.844 V (AgCl-Ag:Mn;0,) > 0.756 V (Mn;0,) > 0.75 V (AgCI).
The Ey/, and the I;;,, obtained at 1600 rpm are in the order Pt/C
(0.79 V, —4.6 mA cm ?) > AgCl-Ag:Mn;0,4 (0.64 V, —4.2 mA
em™?) > Mn;0, (0.65 V, —2.82 mA cm ™ 2) > AgCl (0.643 V, —2.46
mA cm™?). The more positive onset potential of AgCl-Ag:Mn;0,
than the individual counterparts demonstrates the augmented
ORR activity of the catalyst due to the synergistic effect. The
Tafel slope obtained from mass transport corrected LSV at
1600 rpm for the composite catalyst is compared with Mn;O,,
and pristine AgCl is given in Fig. 5D. The catalyst AgCl-
Ag:Mn;0, showed a Tafel slope of 61.6 mV dec ', and indi-
vidual species, the Mn;O, and pristine AgCl, exhibited a Tafel
slope of 95.78 mV dec™ ', and 93.08 mV dec ', respectively. ORR
performance of the composite was compared with Ag-Mn;0,
(bulk and nano) to know the effect of AgCl. The performance
obtained is shown in Fig. S6.1

The AgCl system exhibited enhanced performance compared
to the Ag system, with a similar chemical composition ratio,
highlighting the role of AgCl in superior ORR activity. Fig. S6T
shows the LSV of Pt/C at different rotation speeds and the
comparison of the Tafel slope of benchmark Pt/C with the
catalyst AgCl-Ag:Mn;0,. Table S2f shows the comparison of
electrocatalytic ORR performance with previously reported
AgCl, Ag-based electrocatalysts, which shows the comparative
performance of the catalyst reported here.

Additional information on the ORR and the inference on
electron transfer rate were obtained using the electrochemical
impedance spectroscopy (EIS) technique. Fig. 5E compares
characteristic Nyquist plots under the frequency limits of 25
kHz and 0.1 Hz of AgCl-Ag:Mn;0, and Mn3;0,. The circuit used
to fit the data is shown in the inset. The composite and Mn;0,
exhibited the Nyquist diagram with semicircles of different arc
diameters. The EIS circuit confirms the presence of a time
constant. The solution resistance is denoted with Ry, and the
charge transfer resistance and constant phase element, repre-
senting double-layer capacitance, are described with R, and Q.
The heterogeneity of the electrode surface results in the
substitution of pure capacitance with constant phase element
Q. The lower R, value suggests a higher charge transfer capacity
during ORR and leads to higher performance. It was observed
that the AgCl-Ag:Mn;0, system exhibited a lower R, value,
indicating superior performance than the Mn;0,. Similarly,
EIS was performed on nano and bulk Ag-Mn;0, and compared
with AgCl-Ag:Mn;0,. The results obtained are portrayed in
Fig. S6 D,T and the results support the superior performance of
the AgCl-Ag:Mn;0,.

Two possible pathways are available for ORR in an alkaline
medium to proceed either through the 4e™ pathway or through
a 2e” pathway, as represented below,

4e” pathway O, + 2H,0 + 4e~ — 40H™ (1)
2e” pathway O, + H,O + 2¢” — HO, + OH™ (2)
H027 + HzO +2¢~ — 30H™ (3)
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The detailed mechanism was investigated with EIS by
measuring the spectra at the three different regions of LSV.
Fig. 6(A, C and E) represents the Nyquist plots at kinetic, mixed
diffusion-controlled, and mass transport regions. The respec-
tive Bode plots are given in Fig. 6(B, D and F). The EIS spectra in
the kinetic and mass transport regions were fitted with a simple
equivalent circuit consisting of the solution resistance R con-
nected in series with a set of charge transfer resistance R;, and
constant phase element Q;. A single time constant suggests the
4e” reduction pathway for the ORR, indicating a reduction of O,
to H,O in a single step in these two regions. In contrast, the
mixed diffusion-controlled region possesses two-time constants
indicating the generation of H,0, through a 2e” reduction
pathway. The values of the circuit parameters used are given in
ESI Table S3.f The exponential decrease in the interfacial
charge transfer results in convergence to a semicircle in the
lower potentials in the kinetic region, which is evident from the
EIS. The convergence to semicircle with increased potential was
observed for the mixed diffusion-controlled region with an
additional constant phase element. A decrease in the potential
in the mass transport region marked an increase in polarization
resistance due to the higher mass transfer resistance. In the
Bode plot, it is clear that the phase angle decreases with
a decrease in the potential in the kinetic region. The trend is
reversed in the mass transport region, and the phase shift
increases due to the increased mass transfer resistance.**' In
the kinetic and mass transport region, EIS suggests the four e~
pathway and two e~ pathway in the mixed diffusion region,
which is in agreement with the RRDE result of the slight
formation of hydrogen peroxide.
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Fig. 6 Nyquist and Bode plots of the AgCl-Ag:MnzO4 in the kinetic
region (A and B), mixed-diffusion region (C and D), and mass transport
region (E and F) in 0.1 M NaOH (zero rpm). The equivalent circuit used
for fitting the Nyquist plot is displayed in the inset.
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The 2e” pathway is prone to corrosion of the electrode
material by the generation of HO, ™ species, and it also affects
the performance of the membrane. The electron transfer
number and percentage of peroxide production were quantified
with a rotating ring disc electrode (RRDE). Fig. 7A shows the
disc and ring current generated for the AgCl-Ag:Mn;0,. Fig. 7B
represents the percentage of peroxide produced, and the elec-
tron transfer number in the reaction pathway is shown in
Fig. 7C. The catalyst showed an electron transfer of 3.89 with an
average peroxide production of 5.2%. As explained in the
previous section, this peroxide is generated via the 2e™ reduc-
tion pathway in the mixed diffusion region. The significantly
lower percentage of peroxide supports that the major reaction
pathway is the favorable 4e™ reduction.

The Pt/C catalyst possesses several disadvantages, such as
low methanol tolerance and high corrosion, which are vital in
commercializing DMFC. An effective DMFC-applicable ORR
catalyst must be tolerant towards methanol and should possess
excellent durability after multiple cycles of continuous opera-
tion. The AgCl-Ag:Mn;0, is studied for its methanol tolerance
with the aid of the linear sweep voltammetry before and after
the addition of 1 M methanol into the electrolyte. The AgCl-
Ag:Mn;0, system retained the onset potential and E,,, without
any noticeable shift and slightly reduced current density (AI =
0.77 mA cm ) after adding 1 M methanol. In contrast, the
benchmark catalyst Pt/C exhibited a visible change in E;,, and
current density (AE = 0.2 V and Al = 0.98 mA cm ™ ?) with
a prominent anodic peak. The LSV of AgCl-Ag:Mn;0, with Pt/C
in the absence and presence of 1 M methanol is exhibited in
Fig. 8A and B, respectively. Pt/C showed a better onset potential
and E,,, before adding methanol; however, the onset potential
and E;, are higher for AgCl-Ag:Mn;0, than Pt/C in the presence
of methanol. The methanol tolerance of the catalyst suggests
that AgCl-Ag:Mn;0, is a better catalyst than Pt/C in the event of
methanol crossover in DMFC.

The comparison of accelerated durability analysis of AgCl-
Ag:Mn;0, and Pt/C is given in Fig. 8C and D. Pt/C exhibited
avisible change in E;,, and current density (AE;,, = 0.04 V, and
AI = 0.58 mA cm™?) after the stability cycles. AgCl-Ag:Mn;0y,,
a marginal shift is only observed for the E,,, and current density
(AEy, = 0.002 V, and AI = 0.22 mA cm ™ ?) after 2500 cycles. A
change in onset potential observed for the composite catalyst
could be restored, as discussed earlier in Fig. 1. It is evident that
after multiple cycles of operation, Pt/C shows a significant
reduction in the catalytic activity; however, AgCl-Ag:Mn;0,
exhibits better corrosion tolerance. Additionally, as discussed
earlier, the catalytic performance of AgCl-Ag:Mn;0, could be
restored by treating the electrode with HCI.

The performance of single-step derived AgCl-Ag:Mn;0, was
compared with the two-step synthesized catalyst composed of
AgCl and Mn;0, and the result is shown in Fig. S7.7 AgCl-
Mn;0, (two-step) exhibited a lower performance than AgCl-
Ag:Mn;0, with a visible shift in onset potential after ADT
analysis. Hence, it is confirmed that the synergistic effect results
from the strong interaction developed through the simple
coprecipitation reaction is responsible for the enhanced
performance of the ORR catalyst. All these experiments show

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/d4ta03285c

Open Access Article. Published on 08 August 2024. Downloaded on 12/4/2025 5:44:40 PM.

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

(cc)

Paper

View Article Online

Journal of Materials Chemistry A

0.2 50 5.0
o on 40 n S 4»5
- c
o2 T 3 E 4.04
<Et ’ D 20 g 351
< 2 AgCI-Ag:Mn 0, @
t 041 —— AgCI-Ag:Mn,0, : 10 o 3.01 =AgCAMN0;
g - 5
5 064 X 0 5 2.54
o g £
0.8 o -10 3 291
-20 1.54
1.0 4
-30 1.0 T T T T T T T
01 0?2 073 0?4 015 0?5 oj7 OjS 019 1.0 01 02 03 04 05 06 07 08 09 01 02 03 04 05 06 0.7 08 09

Potential (V) vs RHE

Potential (V) vs RHE

Potential (V) vs RHE

Fig.7 RRDE voltammogram of AgCl-Ag:MnzO,4 with disc and ring current (A), percentage of peroxide yield (B), electron transfer involved in the

reaction (C) at 1600 rpm.

05
6
< %0 < ﬂ
E .05] Agcragmno, £
S o 44 PUC
< 10 <
5 E,
= 15 <l
z 0. z
e~ 2 o ——0.0MCH,OH
g 25 ] 1.0 MCH,OH
£ 30 € 21
e e
5 35 5 4
s 0.0 M CH,OH 1
@ 4.0 1.0 MCH,0H o 1
45 -6
02 03 04 05 06 07 08 09 1.0 02 03 04 05 06 07 08 09 10
Potential (V) vs RHE Potential (V) vs RHE
1 1
< <.
E 0 £°
S AgCl-Ag:Mn304 S PUC
< <4
Ea E
2 22
22 2
3 Initiat 3] —mwa
- Aftor 2500 cyces < —— After 2500 cycles
€ 3 c
e g
3 -]
4 O

02 03 04 05 06 07 08 09 1.0 02
Potential (V) Vs RHE

03 04 05 06 07 08 09 1.0
Potential (V) Vs RHE

Fig. 8 Comparison of LSV of AgCl-Ag:MnzO4 (A) and Pt/C (B) in the
absence and the presence of 1 M methanol, LSV of AgCl-Ag:MnzO4 (C)
and Pt/C (D) before and after ADT analysis at 1600 rpm.

that the AgCl-Ag:Mn;0, composite is a potential ORR catalyst,
especially in the event of methanol crossover and long-term
operation. Table S4f shows the values of Egnser, E1/p, and Lijm
of the catalyst AgCl-Ag:Mn;0,, and the benchmark catalyst Pt/
C, before and after the ADT cycles, confirming the better
corrosion tolerance of AgCl-Ag:Mn;0,.

In the stability analysis, we noticed a slight reduction in the
performance. The catalyst was collected after the ADT analysis
and investigated to understand the reason. Elemental analysis
and elemental mapping were done with EDS, shown in Fig. S8.1
All elements except chlorine are present in the material after the
stability cycles. Samples were analyzed with XRD after single
and multiple LSV cycles to verify the existence of AgCl in the
ORR potential. The XRD pattern after the stability analysis
shown in Fig. S8CT revealed the presence of a significant
amount of metallic Ag. No traces of AgCl were observed, which
suggests the conversion of AgCl to Ag during the multiple CV
cycles. The composite turned to Ag-Ag:Mn;O, after the CV
cycles. Comparing the onset potential and limiting current
density before and after stability analysis, it is evident that
AgCl-Ag:Mn;0, shows higher activity than Ag-Ag:Mn;0, This

This journal is © The Royal Society of Chemistry 2024

study reaffirms the role of AgCl in the observed catalytic activity
of AgCl-Ag:Mn;0,.

It was seen that the ORR activity is higher in the electro-
chemically converted system than the bulk Ag-Mn;O, synthe-
sized by chemical method. The performance was compared and
given in Fig. S8E.T It is confirmed that even though a slight
reduction in performance was observed after ADT cycles, the
catalysts AgCl-Ag:Mn;0,, and the electrochemically converted
Ag-Ag:Mn;0, are still showing admirable ORR performance.
The experiment establishes the excellent ORR activity due to the
formation of nanoporous Ag during the electrochemical cycle
and its structural integrity with the Mn;0, system, synergisti-
cally contributing to the enhanced activity.

To investigate the performance of the catalyst AgCl-
Ag:Mn;0, under the DMFC conditions, a membrane electrode
assembly (MEA) was prepared with Pt-Ru (1 :1)/C as the anode,
AgCl-Ag:Mn;0, as the cathode catalyst, and PiperION® AEM as
the membrane. The OCV was measured with a DMFC single cell
connected to a CHI 400 A workstation. A stable OCV was ob-
tained for 10000 s at room temperature and ambient pressure.
The details of MEA preparations, measurement conditions, and
results are given in ESI in Fig. S9.7

All the experiments suggest an enhanced ORR performance
of AgCl-Ag:Mn;0,, compared to Ag-Mn;O, and Mn;0,. A
schematic representation of the proposed mechanism for
enhanced ORR activity in AgCl-Ag:Mn;O0, compared to
Ag:Mn;0, is shown in Fig. 9. By forming AgCl, the d-band center
of the Ag metal undergoes an upshift. It becomes very close to
the Fermi energy level, making the oxygen adsorption more
favorable and leading to better catalytic activity. The d-band
center energy (eq — ¢ of Ag in AgCl is —2.68 eV, which is
higher than the d-band center energy value of pure Ag (—4.13
eV) by the charge transfer. The pDOS of Ag and AgCl is shown in
Fig. S10.1 With the d-band center theory, the upshift of the d-
band center implies a stronger binding with oxygen, leading
to an increase in ORR activity.

The excellent ORR activity of Mn;0, is attributed to the
presence of multivalent Mn in the oxide. The synergistic effect
of the upshift of the d-band center of Ag by the formation of
AgCl, and the presence of Mn>* and Mn**/Mn** redox centers in
Ag:Mn;0, contributed to the enhanced catalytic activity of the
composite AgCl-Ag:Mn;0,.

J. Mater. Chem. A, 2024, 12, 24318-24327 | 24325


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ta03285c

Open Access Article. Published on 08 August 2024. Downloaded on 12/4/2025 5:44:40 PM.

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

(cc)

Journal of Materials Chemistry A

AgCl-
Ag:Mn;0,

Fig. 9 Schematic representations of the d-band center shift in AgCl-
Ag:Mnz04 than Ag:MnzO,4 contributing to enhanced ORR activity.

The single-step synthesis points to a viable low-cost, easy-to-
mass-produce catalyst with excellent methanol tolerance and
durability. It should be noted that even though the AgCl is
converted to Ag during multiple electrochemical cycles or long-
term operation, it is regenerable with the treatment with HCI.
The regeneration of the crystal structure was confirmed by the
XRD analysis, which is shown in ESI in Fig. S8D.f

This work demonstrated that Ag-Mn;0, and AgCl-Ag:Mn;0,
are excellent ORR catalysts and pointed out the role of AgCl in
enhancing the catalytic activity of Ag-doped Mn;O, toward
DMEFC application.

4. Conclusions

In summary, we have demonstrated a one-step coprecipitation
method to synthesize AgCl-Ag doped Mn;0, for ORR applica-
tion. The catalyst exhibited superior durability and methanol
tolerance compared to the standard Pt/C. The catalytically
favored 4e” oxygen reduction reaction mechanism was
confirmed by the EIS and RRDE analysis with a minimal peroxide
formation. The role of AgCl in the augmentation of ORR is
demonstrated by comparing the ORR activity of Ag:Mn;0, and
AgCl-Ag:Mn;0,. However, a reduction in ORR performance was
observed after the stability cycles due to the conversion of AgCl to
Ag. We established that it should be possible to regenerate AgCl
by treating it with HCI, and retain the ORR activity. Thus, a highly
stable and methanol-tolerant ORR catalyst is developed in this
work. To be effectively used in a DMFC application, a membrane
electrode assembly (MEA) that can be regenerated by gentle
treatment is under investigation.
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