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Abstract

sensors.

Nanomaterial-based electrochemical sensors are promising tools in atmospheric chemistry, offering reliable
detection of toxic gases. Here, we report a single-phase tetrametallic spinel oxide, (Mn s¢Cry77RNg 77Nig.00)O4
(MCRN-O), as an electrode material for amperometric H,S sensing. Synergistic interactions among multiple cations
within the spinel framework enabled homogeneous integration, imparting distinctive physicochemical properties
and superior electrochemical performance. In deaerated phosphate-buffered saline solution (0.05 M), MCRN-O
delivered high sensitivity (0.0084 pA pf\/\”) and a low detection limit (0.058 uM), markedly outperforming the
comparison samples MCN-O and MC-Q. It also exhibited excellent selectivity, with coefficient values below —2 for
CO and NO, while achieving performance comparable to or better than previously reported electrochemical H,S

Keywords Electrochemical sensing, Hydrogen sulfide oxidation, Spinel oxide, Nanoparticle

1 Introduction

Recently, air pollution has become an increasingly seri-
ous problem in our daily lives due to rapid industrial
development. Major air pollutants include nitrogen
oxides (NO,), carbon monoxide (CO), and hydrogen
sulfide (H,S), which contribute significantly to envi-
ronmental contamination [1-3]. Among them, H,S is a
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colorless, toxic, flammable, and combustible gas with a
distinctive odor resembling that of rotten eggs [4, 5]. H,S
is commonly generated in various environments such as
sewage treatment plants, oil refineries, and hot springs
[6, 7]. Even at low concentrations below 5 ppm, it can
cause irritation to the eyes and respiratory system [1, 8].
Exposure to concentrations above 100 ppm may result
in central nervous system paralysis, and levels exceed-
ing 500 ppm can be fatal [9]. In addition to its toxicity,
H,S is readily oxidized to sulfate ions (SO,*"), which can
adversely affect the climate by influencing sunlight reflec-
tion and contributing to aerosol formation [10]. There-
fore, it is crucial to develop detection systems capable
of selectively and sensitively monitoring low concentra-
tions of H,S in real time. While various techniques such
as gas chromatography and fluorescence spectroscopy
have been employed for H,S detection, these techniques
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generally require complicate multi-stage protocol for
quantification [11-13]. Electrochemical sensing offers
distinct advantages, including simplicity, rapid response,
and real-time monitoring capabilities [7, 14, 15].

Recent advances in nanomaterials highlight electro-
chemical signal amplification as an effective approach for
improving the sensitivity and selectivity of electrochemi-
cal sensors and biosensors [16—18]. Among these, spinel
oxides (AB,0O,) are particularly attractive owing to their
structural stability, compositional tunability, and catalytic
activity [19-21]. In their typical structure, A>* cations
occupy tetrahedral sites while B3* cations reside in octa-
hedral sites, conferring unique physicochemical proper-
ties relevant to gas sensing [22, 23]. Notably, chromite
spinels (MCr,0,, M =Zn [24], Mg [25] and Ni [26]) pos-
sess excellent crystal stability and compositional versatil-
ity, making them attractive for integration into robust,
real-time detection platforms. This approach supports a
wide spectrum of applications, from chemical sensing of
hazardous species to biosensing of biologically relevant
targets [27-29].

Herein, we present a single-phase quaternary spinel
oxide MCRN-O for amperometric H,S sensing with high
selectivity and sensitivity. This nanomaterial exhibits
distinctive physicochemical properties arising from syn-
ergistic interactions among multiple cations within a nor-
mal spinel oxide framework. The multimetal-substituted
composition provides high sensitivity and selectivity for
H,S detection compared with the simple spinel oxide
(e.g., MnCr,0,), while also exhibiting electrochemical
sensing performance comparable to previously reported
Sensors.

J
2 Experimental
2.1 Materials
Manganese (II) chloride tetrahydrate (MnCl,-4H,O,
99.99%), chromium (II) chloride hexahydrate
(CrCly6H,0O, = 98%), nickel chloride hexahydrate

(NiCl,-6H,0) and rhodium (II) chloride hydrate
(RhClyxH,0, = 99.9%) were purchased from Sigma-
Aldrich. Sodium hydroxide (NaOH) beads were pur-
chased from Daejung (Korea). All chemicals were of
analytical grade, and all solutions for the experiments
were prepared using deionized (DI) water (resistivity >18
MQ cm).

2.2 Synthesis

MCRN-O nanoparticles were prepared via multi-metal
precursor co-precipitation followed by thermal anneal-
ing as Scheme 1. Specifically, MnCl,-4H,0 (9.8 mg),
CrCl;6H,0 (10.3 mg), NiCl,6H,0 (10.6 mg), and
RhCl;xH,0 (18.6 mg) were dissolved in 10 mL of DI
water and sonicated for 10 min to obtain a transparent
precursor solution.

0.1 M NaOH (aq) was then added dropwise under
moderate stirring (650 rpm) until the pH reached 10.0.
The resulting precipitate was collected by centrifuga-
tion (4000 rpm, 3-cycles) and thoroughly washed with
DI water to remove residues. The purified precipitate
was re-dispersed in 2 mL of DI water, drop-cast onto a
Si wafer, and dried at 70 °C for 24 h. Subsequent anneal-
ing was performed in air at 700 °C for 3 h, after which
the product was gently ground into a fine powder. For
comparison, bimetallic (MC-O) and trimetallic (MCN-
O) nanoparticles were synthesized using the same
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(b) Centrifuged and oven-dried
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(d) Ground into a fine powder
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Scheme 1 Schematic illustration of synthesis procedure for the preparation of MCRN-O by multi-metal precursor co-precipitation followed by thermal

annealing

procedure, employing only the corresponding two (Mn
and Cr) or three (Mn, Cr, and Ni) metal precursors,
respectively.

2.3 Physical characterization

Surface morphology and microstructure of the as-pre-
pared nanomaterials were examined by field-emission
scanning electron microscopy (FE-SEM; JEOL JSM-
7610 F) equipped with an energy-dispersive X-ray spec-
trometer (EDS). Crystal structures were analyzed by
X-ray diffraction (XRD; PANalytical EXPERT pro/X-ray
diffractometer with Cu Ka source) and Fourier transform
infrared spectroscopy (FT-IR; INVENIO-R, Bruker).
Transmission electron microscopy (TEM; JEM-ARM
200 F NEOARM) coupled with energy-dispersive X-ray
spectroscopy (EDS) was employed to investigate the
nanostructure and elemental distribution. The surface
chemical composition and oxidation states were exam-
ined through angle-resolved X-ray photoelectron spec-
troscopy (AR-XPS; K-ALPHA, Thermo Fisher Scientific)
was performed using monochromatic Al Ka radiation
(1486.6 eV). XPS peak fitting was carried out after Shirley
background subtraction using constrained peak shapes
and full width at half maximum values.

2.4 Electrochemical measurements

A glassy carbon (GC) disk electrode (3 mm in diam-
eter) was polished using a polishing cloth with alumina
powder and DI water. After polishing, the electrode was

sonicated in DI water for 5 min to remove any residual
particles. The loading solution was prepared by dispers-
ing each synthesized nanoparticle sample in DI water at a
concentration of 2 mg mL™ (e.g., 5 mg catalyst dispersed
in 10 mL DI water) by ultrasonication. Subsequently, 6
uL of the suspension was drop-cast onto a polished GC
electrode and dried in an oven at 60 °C for 5 min. This
deposition—drying step was repeated five times, result-
ing in a total catalyst loading of 60 ug on the GC elec-
trode. Electrochemical measurements were performed
using a three-electrode system consisting of the sample-
modified GC electrode as the working electrode (WE), a
coiled platinum wire as the counter electrode (CE), and a
saturated calomel electrode (SCE) as the reference elec-
trode (RE). Electrochemical analyzer (CHI 1000 A, CH
Instruments, Inc.) was used to evaluate the electrochemi-
cal oxidation of H,S. The 0.05 M phosphate-buffered
saline solution (PBS, pH 7.4) was prepared by mixing
sodium phosphate dibasic (Na,HPO,) and sodium phos-
phate monobasic (NaH,PO,). Linear sweep voltammetry
(LSV) was conducted over a potential range from -0.2 V
to 0.6 V to determine the potential at which the target
analyte (H,S) is oxidized nearly exclusively without the
redox reactions of potential interfering species (CO and
NO). Amperometric measurements were then carried
out at a fixed potential of 0.1 V. For calibration, an ali-
quot of a stock solution of each gas (H,S, NO, and CO)
was successively injected into deaerated PBS to alter the
concentration. H,S stock solution (3.2 mM) was prepared
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by dissolving Na,S in 0.05 M PBS pre-purged with Ar for
20 min. The stock solutions of NO (1.91 mM) and CO
(0.9 mM) were prepared by purging deaerated 0.05 M
PBS with NO and CO gases, respectively, for 20 min.
Electrochemical impedance spectroscopy (EIS) were
conducted over a frequency range from 1 MHz to 0.1 Hz
in 0.05 M PBS solution. As in the other measurements,
a three-electrode system was employed, with a double
junction SCE used as the reference electrode.

3 Results and discussion

3.1 Physical characterization

The as-prepared (Mny, 5,Cr 7Rh 7, Nij 99)Oy
(Mny 3,Cr 35Nig36)O4 and  (Mng4,Cry59)O,  samples,
with molar fractions determined by EDS analysis (Table
S1), are hereafter referred to as MCRN-O, MCN-O and
MC-O, respectively. Their phase purity and structural
characteristics differ markedly, as confirmed by XRD
(Fig. 1a). The MCRN-O sample shows well-resolved dif-
fraction peaks that align with the standard pattern of
MnCr,0, normal spinel oxide (JCPDS no. 54-876), con-
firming the formation of a highly crystalline single-phase.
In contrast, the MC-O sample shows a two-phase com-
position, with diffraction peaks corresponding to both
MnCr,0O, and Cr,0; (JCPDS no. 70-3766). Given that
both samples were synthesized under identical condi-
tions, the distinct phase behavior highlights the advan-
tage of multi-element compositions in stabilizing the
spinel lattice and promoting single-phase formation at
relatively low temperatures [30-32]. Furthermore, the
slight shift of the MCRN-O diffraction peaks toward
higher angles indicates lattice contraction with reduced
interplanar spacing, which can be attributed to the incor-
poration of smaller Rh and Ni cations into the MC-O
lattice. The average crystallite sizes, calculated from
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the (311) diffraction peak at 26=35.2° using Scherrer’s
equation (D=KA / Bcos6, where D is the crystallite size,
K is the shape factor, A is the X-ray wavelength, j is the
full width at half maximum (FWHM) of the diffraction
peak, and 6 is the Bragg angle), were determined to be
8.02 nm for MCRN-O and 12.7 nm for MC-O. These
results further confirm the presence of lattice strain and
structural densification induced by heterogeneous metal
substitution.

The coexistence of multiple cationic states and their
heterogeneous substitution, which are expected to
induce local lattice distortion and electronic redistribu-
tion, were further examined by high-resolution X-ray
photoelectron spectroscopy (XPS). Although several
XPS components exhibit strong spectral overlap, decon-
volution was performed following standard fitting pro-
tocols using reported spin—orbit splitting, relative peak
area ratios, and binding energy positions. The Mn 2p
spectrum (Fig. 1b) displays peaks at 641.4 eV (2py),)
and 652.3 €V (2p,,,), characteristic of Mn?** [33, 34].
Additional components at ~642.0 eV and ~653.0 eV
are assigned to Mn>', while shake-up satellite peaks at
~645 eV and ~655 eV confirm the coexistence of mul-
tiple Mn oxidation states [35, 36]. The Cr 2p region
(Fig. 1d) exhibits two distinct doublets. The main peaks
at 575.9 eV (2ps,,) and 585.4 eV (2p,),) are assigned to
Cr®* species, whereas the secondary peaks at 578.0 eV
and 587.7 eV are attributed to surface CrOOH-related
species, in agreement with reported values [37, 38].
Notably, Cr** is dominantly accommodated at octahe-
dral sites in the spinel lattice, in good agreement with
previously reported values [39]. This assignment is fur-
ther supported by the corresponding O 1s spectra (Fig.
S2), which display a predominant lattice oxygen com-
ponent centered at approximately 529 eV, along with a
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chemisorbed oxygen species at 530.4 eV [39]. The Ni 2p
spectrum (Fig. le) reveals mixed-valence species. Peaks
at 854.1 eV (2ps,) and 872.3 eV (2p;,,) are assigned to
Ni?*, while peaks at 854.9 eV (2p3/») and 874.1 eV (2pyy)
correspond to Ni** [40, 41]. The Rh 3d spectrum (Fig. 1f)
shows a well-defined doublet with a spin—orbit split-
ting of ~5 eV. The peaks at 308.4 eV (3d;,,) and 313.2 eV
(3ds/,) are characteristic of Rh*, indicating its exclusive
presence in the oxidation state of +3 within the spinel
lattice [42, 43]. Overall, XPS reveals mixed +2/+3 oxida-
tion states for Mn and Ni, while Rh and Cr (with a minor
contribution from surface-associated CrOOH species)
are predominantly present as Rh®>" and Cr®*, indicating
heterogeneous multimetal substitution that induces local
lattice strain and electronic redistribution. Such modula-
tion of metal-oxygen covalency is expected to facilitate
interfacial charge transfer, thereby contributing to the
enhanced selectivity and catalytic efficiency of MCRN-O
(vide infra). Although XPS alone cannot directly deter-
mine tetrahedral or octahedral site occupancy, the cation
distribution is inferred from XPS-derived valence states,
XRD-confirmed single-phase formation, and established
literature on spinel systems. Furthermore, Fig. S1 shows
the FT-IR spectrum of MCRN-O, which exhibits two
absorption peaks at 480 cm™ and 606 cm™. These cor-
respond to metal-O stretching vibrations originating
from octahedral and tetrahedral sites, respectively [44], a
characteristic feature commonly observed in the normal
spinel structure of Mn;O, [45, 46].
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The morphological characteristics of MCRN-O,
MCN-O and MC-O were examined by SEM (Fig. 2a—c
and Fig. S3). The as-prepared nanoparticles exhibit
a relatively narrow particle-size distribution without
noticeable large agglomerates or abnormal grain growth,
indicating reasonably uniform morphology across the
samples. The selected-area electron diffraction (SAED)
pattern of MCRN-O displays distinct diffraction rings,
indicating a polycrystalline nature (Fig. 2d) and sup-
porting the formation of a well-crystallized spinel-type
oxide structure [47]. The HRTEM image displays well-
resolved lattice fringes with interplanar spacings of 0.256,
0.164, and 0.150 nm, corresponding to the (311), (333),
and (440) planes of the spinel structure of MCRN-O,
respectively, confirming the formation of crystalline spi-
nel oxide (Fig. 2e). TEM-EDS elemental mapping dem-
onstrates a homogeneous distribution of all five metallic
components throughout the nanoparticles (Fig. 2f).
In addition, EDS measurements were performed at 10
different regions for each sample to ensure statistical
reliability (Table S1). For all samples, including the rep-
resentative MCRN-O, the measured atomic percentages
closely match the stoichiometric mole fractions with
negligible standard deviations, indicating highly uniform
elemental distribution and good compositional repro-
ducibility across the measured areas.

5nm

Fig. 2 SEM images of a MCRN-O, b MCN-O and ¢ MC-O. TEM characterization of MCRN-O nanoparticles: d SAED pattern, e HRTEM image with lattice

fringe analysis and f EDS elemental mapping
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were conducted at an applied potential of 0.1V (vs. SCE) in deaerated 0.05 M PBS solution

3.2 Electrochemical characterization

Linear sweep voltammetry (LSV) and amperometric
analyses were conducted to systematically evaluate the
electrochemical responses of electrodes toward CO,
NO and H,S. The background-corrected LSV profiles
recorded in 100 pM solutions of the sensing analytes are
presented in Fig. 3 for MCRN-O, Fig. S4 for MCN-O and
Fig. S5 for MC-O. Based on these LSV results, 0.1 V ver-
sus SCE was identified as the optimal operating potential
for H,S oxidation, providing minimal interference from
the redox responses of CO and NO. As summarized in
Table S2, additional validation using MCRN-O identi-
fies 0.1 V as the optimal potential, providing the best
balance between H,S sensitivity and selectivity against
competing gaseous interferents, compared with lower
(0.05 V) and higher (0.2 and 0.3 V) potential regions for
H,S sensing. Thus, an applied potential of 0.1 V (vs. SCE)
was employed for amperometric measurement in this
study. During the LSV and amperometric experiments,

a gas-tight electrochemical cell was used and maintained
in an Ar-saturated state to prevent unintended side
reactions.

Figure 4a shows the dynamic current responses to
H,S concentration changes obtained with MCRN-O,
MCN-O and MC-O. The corresponding calibration
curves (Fig. 4b) verify that the measured currents at
the respective electrode materials are linearly propor-
tional to the H,S concentration while MCRN-O exhibits
a greatly higher sensitivity (0.0084 pA uM™') compared
with MCN-O (0.00074 pA pM™') and MC-O (<0.0002
HA M.

To elucidate whether the sensing response is governed
by electron-transfer kinetics or mass-transport pro-
cesses, amperometric measurements were conducted
under systematically controlled applied potentials and
rotation speeds. As shown in Fig. S6(a), response times
were compared at different applied potentials while
maintaining a constant magnetic stirrer rotation speed
of approximately 1350 rpm. For the amperometric
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measurements, the solution (PBS) was magnetically
stirred to homogenize the injected H,S. The response
time decreased progressively with increasing anodic
potential, indicating that the sensing behavior is partially
governed by electron-transfer kinetics. Furthermore, as
presented in Fig. S6(b), response times were evaluated
as a function of rotation speed. A significantly shorter
response time was observed at a higher rotation speed
(2500 rpm) compared to that at a lower speed (150 rpm),
demonstrating a pronounced dependence on mass trans-
port. Taken together, these results confirm that the H,S
sensing performance of MCRN-O arises from a coupled
contribution of electron-transfer kinetics and diffusion-
controlled mass transfer, rather than from a purely sur-
face-controlled or exclusively diffusion-limited process.

In addition, the current values of MCRN-O mea-
sured at the same applied potential of 0.1 V (vs. SCE)
were barely changed responding to the varied concen-
trations of CO and NO (Fig. 4c). The mean sensitivity
slopes (+standard deviations) determined from five dif-
ferent measurements are as follows: 0.0084 pA pM™*
(+0.00046) for H,S, ~8.5x1077 pA uM~! (+1.85x107°)
for CO, and -6.5x107° pA uM~! (£4.2x107°) for NO
(Fig. 4d). NO was slightly reduced at the selected applied
potential (0.1 V vs. SCE) while CO elicited virtually no
current response. However, the current response to
NO was insignificant compared to that to H,S. In fact,
MCRN-O successfully oxidizes H,S solely with negligible
interference from the redox reactions of CO and NO,
indicating the high selectivity to H,S. The amperometric
selectivity coefficient for H,S against CO or NO was cal-
culated using equation below:

sensitivity to ¢
logKﬁ%”i ~ log ( nsitivity to 4 )

sensitivity to H?S
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— 1st M
| —2nd W
0.15 ane .
4th i
= 0.0+ M
R N
= o
[+]
=
5 005
o
0.00 -
0.05 = T | T | T
0 30 60 90 120 150
Time /s

Page 7 of 10

where i is CO or NO. The values of were logKy,S, -

2.11 for NO and -3.99 for CO, indicating extremely high
selectivity of MCRN-O to H,S.

Figure 4e shows the Nyquist plots of MCRN-O,
MCN-O and MC-O obtained from electrochemical
impedance spectroscopy (EIS) experiments. The applied
potential was set at 0.1 V (vs. SCE), consistent with the
potential used in the amperomtric measurements. The
Nyquist plot, reflecting the complex impedance char-
acteristics of the electrode—electrolyte interface, quan-
titatively elucidates the charge-transfer kinetics and
interfacial processes that dictate the overall electrochem-
ical performance. Notably, MCRN-O exhibited a smaller
charge transfer resistance (R,) than MCN-O and MC-O.
This indicates that MCRN-O more effectively facilitates
the oxidation of H,S with faster electron transfer rate
compared to the other samples which can be correlated
with its higher amperometric sensitivity [48].

Electrode-to-electrode reproducibility is a critical met-
ric for practical H,S sensing applications. In this regard,
a single MCRN-O-modified electrode was further evalu-
ated under continuous H,S exposure (Fig. 5a), exhibiting
stable current responses with negligible signal degrada-
tion. In addition, reproducibility was assessed using four
independently prepared electrodes (Fig. 5b), which
showed consistent sensitivities with only minor devia-
tions. These results confirm the good operational stability
and reproducibility of the MCRN-O sensor, further sup-
porting its practical applicability for the rational design
of future gas-sensing materials.

The non-faradaic charging currents of the as-prepared
spinel oxide nanoparticle series were measured by cyclic
voltammetry (CV) in 1 M KNO; at various scan rates
(Figs. S7a—c). The double-layer capacitance (Cy), which
reflects the electrochemically active surface area (ECSA),
was determined by linear fitting (R?=0.9998) of the dif-
ference between anodic and cathodic charging currents

(b) 0.20 H

— WEH1 pmw..
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0.15 — ELLL
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Fig. 5 Amperometric current responses of MCRN-O to successive additions of H,S (0-18 uM) obtained a during continuous operation using a single

electrode and b using different electrodes to evaluate reproducibility
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Table 1 Comparison of the sensitivity and LOD values of
as-prepared materials with those of the other amperometric H,S
sensors

Sensing material Sensitiv- Limit  Working Ref-
ity (A of de- electrode er-
pm) tection ence

(uM)

MCRN-O 0.0084 0058  GCE@Bmm)  This

work

MCN-O 0.0007 0513 GCE(3mm)  This

work

MC-O 0.0002 0.237 GCE@3 mm)  This

work

GCE/poly-0-PD 0.00028 0.015 GCE (3 mm) [50]

POPD/RGO-MoS,/GCE 0.0008 0.01 GCE@Bmm)  [51]

SWCNTs-PVA 0.0094 34 Au disk [52]

(1T mm)

IrP, 0.0307 0.13 GCE(3 mm)  [53]

Graphene-Based 3D 0.0192 0.05 Nickel form  [54]

Scaffold

(Ai.) at the mid-potential as a function of scan rate (Fig.
S7d). The slope of the resulting linear fit corresponds to
Cq4» which is proportional to the ECSA [49]. Based on
this analysis, MCRN-O was found to exhibit a substan-
tially higher ECSA, being 37.9 and 87.8 times greater
than those of MCN-O and MC-O, respectively. This
trend is consistent with the amperometric sensitivity
results (vide supra), reinforcing the correlation between
ECSA and electrochemical activity. Collectively, these
results demonstrate that MCRN-O possesses the largest
ECSA, thereby contributing to its enhanced H,S sensing
sensitivity.

Table 1 summarizes the sensitivity and limit of detec-
tion (LOD) values for various H,S sensing materials
reported in previous studies. In addition to the signifi-
cantly higher sensitivity, MCRN-O demonstrates a much
lower LOD of 0.058 uM than MCN-O (0.513 uM) and
MC-O (0.237 uM). The LOD values were calculated using
the widely accepted criterion of a signal-to-noise ratio
(S/N) of 3. The lower the LOD, the better the capability
to detect trace amounts of an analyte, which is crucial for
applications requiring sensitive monitoring. In fact, the
sensing performance of MCRN-O was better or compa-
rable to the sensors found in the literature. In particular,
MCRN-O exhibited very LOD compared to the sensors
with a similar sensitivity, highlighting its enhanced capa-
bility for low-level H,S detection.

4 Conclusions

In this study, we demonstrated the applicability of
MCRN-O as an effective electrode material for ampero-
metric H,S sensing. Due to synergistic interactions
among multiple cations within the normal spinel oxide
framework, characterized by predominantly + 3 oxidation
states for Rh and Cr and mixed +2/+3 oxidation states
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for Ni and Mn, the tetrametallic components are homo-
geneously incorporated, resulting in enhanced electro-
chemical properties. As a result, MCRN-O exhibited
high sensitivity (0.0084 pA pM™) and a low detection
limit (0.058 uM) toward H,S, significantly outperforming
the simple spinel oxide MC-O (0.0002 pA uM ' and 0.237
uM). Moreover, MCRN-O displayed excellent selectivity,
with selectivity coefficient values below -2 for both CO
and NO, while maintaining sensing performance compa-
rable to previously reported sensors.
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