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ABSTRACT:A simple, one-step electrodeposition approach has been us&d
fabricate MnQon an indium-doped tin oxide substrate for highly sensttivd
detection. We report an experimental limit of detection of 1 ppb through —
stripping voltammetry with selectivity t& Asthe presence of 10 times hig T )\

concentrations of several metal ions. Additionally, we report the simul & /‘«Z& =

phase evolution of active material occurring through multiple stripping b7 s

wherein MNO/MpO; eventually converts to By as a result of change in the

oxidation states of manganese. This occurs with concomitant changes in morphology. Change in the electronic property
(increased charge transfer resistance) of the material due to sensing results in an eventual decrease in sensitivity after multip
stripping cycles. In a nutshell, this paper reports stripping-voltammetry-induced change in morphology and phase of as-prepare
Mn-based electrodes during As sensing.

KEYWORDS:arsenic, nanostructured electrode, manganese oxide, electrochemical sensor, stripping voltammetry

1. INTRODUCTION unsuitable for oneld testing, and often require prior
|geparation of arsenic species (speciation). Thus, there is a

a ecting over 140 million people worldvidesenic mainly demand for an ardable arsenic sensor, especially because

exists as arsenate [As(V)] and arsenite [As(l11)] ions in watefost of the arsenicected people are poor. Electrochemiqe}l
and soif. Currently, the World Health Organization (WHO) sensors @r a low-cost, rapid, portable, reliable, and sensitive

and U.S. Environmental Protection Agency recommended tHHFthOd' For&gelgetection of afse”ic' both enzyfinsitiand
the limit of arsenic content in drinking water isgID (or 10 non-enzyma electrochemical sensors have been devel-

parts per billion (ppb)j* Use of As-contaminated water for oped. Non-enzymatic sensors are important as theyecan o

the preparation of food, irrigation of crops, and drinking had@pility and cost-ectiveness and support diverse operating

serious consequences on human Heldltist known As and ~ conditions. .
inorganic As compounds are cladsas Group 1 human On the other hand, enzyme-based biosensors have an

carcinogens by International Agency for Research onSCanc%‘.jvanFage due to their analyte spitgiand lower limits of
Group 1 compounds are those for which there isiest etection. However, they have certain intrinsic limitations such

evidence for concluding their carcinogenicity in human@S complicated enzyme immobilization procedures, limited
Prolonged exposure to high concentrations of arsenic m f)(;ume, |nstgblllty at various pH and temperature cqndltlons,
cause cancer of skin, lungs, kidney, uterus, and liver. It can 48¢ €xpensive preparation and storage conditighs. _
lead to disorders of cardiovascular, gastrointestinal, and cenlf3grefore, tailoring of non-enzymatic electrode surfaces is
nervous systeffisThe trivalent arsenic (&5 has higher deswab_le for' A‘ssenS|ng with good sensitivity and stab|llty.
mobility in groundwater and is more toxic than the pentavalentAnodic stripping voltammetry (ASV) has been lgsed widely
(AS" analogué. for quantitative measurement of arsenic in j_v@é‘féjr. It is
Therefore, accurate and selective detectiofi*oh Asater an ultrasensitive, two-step voltammetric technique for
is more important to identify the contaminated source, to heluantitative determination of spedbnic species. Thest
prevent its deleteriouseets on health, and also to optimize Step is the deposition or preconcentration step in which the
arsenic remediation technologies. Various laboratory-baglyte of interest is usually electrodeposited on the working
arsenic detection techniques have been used such as hydfigstrode at a constant potential for a certain time. This step
generation/atomic absorption spectrometry, graphite furnace
atomic absorption spectrometry, inductively coupled plasm@eceived: April 6, 2019
mass spectrometry (ICP-MS), atomiorescence spectrom- Accepted: July 12, 2019
etry, et¢:®® However, such techniques are expensive?ublished: July 12, 2019
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involves reduction of the metal ions from the solution to theliamond>*? etc. Although these materials are promising,
electrode surface (for examplé] &s AS). In the second there are often disadvantages associated with their use such as
step, the potential of the working electrode is raised to a highgigh cost, need of strongly acidic media for operation (which
value by applying a voltage scan (termed as anodic strippingdn produce toxic arsine gas), chemical cadidn with an
At a denite potential, speci metal species which are electron transfer mediator, etc. ITO as an electrode substrate is
deposited onto the electrode surface are stripped (oxidized) great interest in electrochemical sensors because of low cost
into the solution (for example °As AS"). The oxidation of  and good electrical conductivityl(* S/cm)3* We have
analyte (arsenic in this case) is recorded as a peak in termstfdied the electrochemistry-induced evolution of phase and
Faradaic oxidation current in the voltammogram at a particularorphology of MnQ and its impact on the electronic
potential called the oxidation potential of the arsenic speciemnductivity and electrochemical property of the electro-
The peak intensity is proportional to th&" Asncentration  deposited material.
present in the electrolytdn our study, linear sweep stripping The phase and morphology of Mn®ere controlled
voltammetry (LSSV), a type of ASV technique, has been usttnlough electrodeposition by the cyclic voltammetry (CV)
for AS* detection, wherein the potential is swept linearly witliechnique performed at threeedent potential windows. The
time. electrodes were characterized by electron microscopy, spec-
In this work, a transition metal oxide (TMO) (manganesetroscopy, and electrochemical techniques. LSSV was per-
oxide (MnQ))-based working electrode was developed anformed using derent concentrations of *AsQuantitative
used as an electrochemical sensor to defégprésent in detection of A& with a linear response range from 1 to 150
water. TMO adsorbents are considered as some of thppb was observed using an optimized ,MhO electrode.
promising materials for removal of toxic heavy metal ioriEhe AS* response was saturated 425 150 ppb after
from high-total dissolved solid groundwater because of thaiultiple stripping cycles. The phase evolution of active
abundant physicochemical properties such as large surfawgerial wherein MnO/M@®; eventually got converted to
area, spea adsorption sites, and catalytic acfivityese MnzO, resulted in an increase in the charge transfer resistance
properties are mainlyexted by the electronic properties and of the material, which was studied by impedance spectroscopy.
surface morphology of the TMO. Manganese oxides exist Bisis may be the reason for eventual decrease in sensitivity after
MnQg octahedra that form tunnels and/or layered strucmultiple stripping cycles. Moreover, selectivity of the electrode
turesg.zze’ The tunnels and layers are connected by corner dor AS* was successfully studied in the presence of 10 times
edge sharing. Cations and water molecules can occupy thefger concentrations of several metal ions.
tunnels or interlayet$ The nanostructured Mg®rovides
active sites for arsenic adsorption during sensing. Sorption;of ExpERIMENTAL SECTION

As on manganese oxide (M)y@ased materials due to their .
selective adsorption property is widely reporteédMn (21'.1' Ma“i‘;'a's' (’:J%g;jrouz.manga”es.e a(ﬁggg[)l\lﬂ_%mom, q

. y .sodium sulfate , sodium arsenite -coate
ox!d_e§ are kno%/\éln to be one of the strongest F‘at“ra!"y occurrlagss substrates, and Millipore-produced deionized (DI) wiBe# (
oxidizing agentS Also, the surface areas obrknt oxides of ;) were used throughout the experiments.
manganese may vary from 3200 ni/g.“° These properties 272, preparation of Working Electrode by Electrodeposi-
of MnQ, in uence the biogeochemical cycling of contamition. ITO-coated glass substrates were cleaned by ultrasonicating
nants, such as chromium (Cr), uranium (U), selenium (Sejhem sequentially in acetone, ethanol, and distilled water for 5 min
and arseni¢. Several electrochemical As sensors have beéach, followed by drying in nitrogen. The working electrode was
developed to utilize these properties of MRany of them prepared by electrodeposition of manganese oxide on the cleaned

use Working electrodes of Mn@odi ed with gold nano- ITO substrate (1 cn?), and this as-prepared electrode is termed
articled529 reduced graphene oxideetc. for better M_rlQX/ITO. The geometric surface area of ITO was maintained by
P ! : sticking a strip of scotch tape as a mask on the substrate. A three-

sensitivity and selectivity. Here, we would like to mentioiectrode setup comprising ITO as the working electrode, platinum
that this study deals with two aspects: one is electrochemicaliye as a counter electrode, and Ag/AgCI as a reference electrode was
developing a nanostructured Nib@sed electrode for®As  used during electrochemical measurements. An aqueous solution of
sensing. The second aspect is a detailed insight into th@&®5 M Mn(CHCOO), was used as a precursor, and 0.1 M sodium
fundamental, yet unexplored, issue of phase evolution asuifate (Ng5Q) was used as electrolyte during electrochemical
morphological changes in the nanosystem during electrégposition of MnQ Electrodeposition was carried out by CV at three
chemical sensing. Manganese oxides exist in several oxiddtidffent potential ranges: 0183 V (8 cycles), 0.2 0.9 V (15
states. The stripping-voltammetry-induced changes in narfjc'es): and1 1.3 V (4 cycles) at a scan rate of 0.05 V/s using a

L2 . . . I 600A electrochemical workstation at room temperature.
structures and oxidation states are studied in this paper

- S . Mbsequently, these samples were naedV2, and M3,
performing several characterization studies before and a pectively, and the same will be used further in this paper. The

sensing. As of now, a few Ni@sed composite nanostruc- ejectrodeposition potential ranges were set based on the Pourbaix
tures have been reported fof*Asensing®***° However,  diagram of manganeseigure SI** After electrodeposition, the
reports are scarce about the impact of voltammetric techniqussnples were washed in distilled water, dried in ainadiydstored
on the active material and it is important to understand thet room temperature before using for further material characterization
phase and structural stability of the material during the procex¥l electrochemical analysis. _ _ _
of sensing. This is a crucial contributing factor for limiting the 23 Electrochemical Analysis. Arsenic sensing was carried out
performance of such sensors in the course of their operaticEY. the linear sweep stripping voltammetry (LSSV) technique using
Here, we have used a noble-metal-free working electro AsQ dissolved in phosphate-bred saline (PBS, pH7.4) with
7 . L .(ijr?e following optimized parameters: deposition potential (DP) of
Whereln MnQwas electrodeposited on an Indlum_—doped 'F'nAs%+ of 0.7 V, deposition time (DT) of 180 s, stripping potential
oxide (ITO)-coated glass substrate for As detection. Varioggnge of 0.40 0.20 V, and scan rate of 0.05 V/s. All of the
working electrode substrates have been used for As detectigisetrochemical measurements were performed usiggTanet

e.g., platinurit, gold:**#3* glassy carbdit*>*° boron-doped  wire, and Ag/AgCl as working, counter, and reference electrodes,
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respectively. For arsenite sensingyradit concentrations of *As
were prepared in PBS just before recording LSSV. The electrodes
were washed with DI water between consecutive measurements. CV
measurements for testing the performance of bare ITO at optimized
parameters were performed using bare ITO as the working electrode.
Counter and reference electrodes were the same as above. The redox
molecule used was 32M potassium ferricyanide f€(CN)) in
3.2 mM potassium chloride (KCI) as the supporting electrolyte. The
volume of electrolyte was maintained constant for all of the
electrochemical measurements.

2.4. Instrumentation. All electrochemical measurements includ-
ing electrodeposition and LSSV fof* Astection were performed
using a CH 600A (CH Instruments) electrochemical workstation.
Surface morphology of Mp€amples was obtained using a MIRA 3
(TESCAN) eld emission scanning electron microscope (FESEM).
All high-resolution transmission electron microscopy (HRTEM)
images were obtained using JEOL JFD 3010 (JEOL Japan), a 300
kV transmission electron microscope, equipped with an ultra-high-
resolution pole piece. X-rayrdction (XRD) patterns of Mp@vere
obtained with Bruker X8 KAPPA using Cuddiation as the source.
Electrochemical impedance spectroscopy (EIS) measurements were
performed using a Biologic elechemical analyser (SP200).
Inductively coupled plasma-mass spectrometry (ICP-MS (NexION
300X; PerkinElmer)) analysis was performed before and after
electrochemical sensing of*A& Witec GmbH, Alpha-SNOM
alpha300S confocal Raman instrument equipped with a 532 nm laser

as the excitation source was used for Raman analysis. Measuremggtse 1. FESEM micrographs of (A) as-prepaf@dand (B D)

were carried out with a2@bjective (Plan-Apochromat, Zeiss), 600 after A¥" sensing. The surface morphology before sensing (A) shows
grooves/mm grating, and at 1 s acquisition time. A laser pod@r of ~ several globular structures (one such structure is marked by a yellow
mW was maintained on the sample during measurement. X-rgjycle) embedded in a rough-surfaced mat of nanorods with the inset
photoelectron spectroscopy (XPS) measurements were conducttbwing a high-mageoation image. After #ssensing, platelike

using an Omicron Nanotechnology ESCA probe TPD spectrometstructures (5 10 m diameter) as seen in (B) are observed all over
with polychromatic Al Kas the X-ray sourcé (= 1486.6 eV). the electrode surface. (C) and (D) are high-meafiobn micro-
MnO,/ITO samples were mounted on a carbon tape, supported ographs. (C) Flower-shaped platelike structure (marked by the yellow
the sample stub. A constant analyzer energy of 20 eV was used forsifpgare in (B)) and (D) porous surrounding morphology of the
measurements. Binding energy was calibrated with respect to C 1¢lactrode (marked by blue square in (B)). (E) is the optical image,

284.8 eV. All of the XPS spectra were deconvoluted using Casax®@ (F) (H) are the corresponding SEkhergy dispersive X-ray
software. analysis maps for O, Mn, and As, respectively, aftéBismAs*
sensing.

3. RESULTS AND DISCUSSION

3.1. Characterization by SEM and HRTEM. Surface The M2 appeared asakes before sensirfggure S3A)B
morphologies of the as-prepared MO electrodes were ~ Wwhile after AS sensing, dendritic structurésg(re S3C,p
analyzed using FESEM micrographs. Gold was sputtered origre observed on the same electrode surface.
electrodes prior to FESEM analyseserBiice in surface  1he FESEM micrograph of as-prepared elest®dhows
morphologies was observed in the electrodes prepared at thifé@l the surface is covered with nanosized globular structures
di erent CV potential windows. Also, there is a characterisf@ving a diameter of about 1200 nm Figure A). These
change in the morphologies at the nanoscale after using (& €mPedded in a hierarchical porous, spongy mat composed

electrode for A5sensing (as seen in FESEM micrographs of! @1 assembly of disordered nanorods. Thesgrfdn@rods
Figure A,C). can be seen clearly in the insdtigfire A, the diameter is

approximately 2@10 nm, and the length of the nanorods is in
the range of 15@00 nm. However, FESEM micrographs of
the same electrode aftef*A®nsing show platelike structures
'shaped asowers of 5 10 m diameter spread all over the

Figure S2A, the Supporting Information (SI) shows the
low- and high-magmiation FESEM micrographs of as-
preparedM1 illustrating their surface morphology. Porous

globular structures BOQ nm o 1 m diameter) with electrode Kigure B). Figure C,D shows high-magaoation
nanorod-like features diverging from th_e globular S“ff"?ce 3fffcrographs showing one such structure and the porous nature
observed on as-prepared electMdie This morphology is o the electrode surface, respectively, obtained dfter As
found to be similar to sea urchins. The entire electrode surfaggnsingFigure E is the optical image, afijure E H
including the surface of the spheres, is rough consisting fows the corresponding SEMergy dispersive spectroscopy
nanorods with uniform diameter and length. Song et al. haygaps for O, Mn, and As elements after using eleltBdde
reported such sea urchin-shaped Mn@nostructures Ag* sensing. EDX analysis (showiFiiure Sylof the M3
prepared by the sodium dodecyl sulfate-assisted hydrotherigfore and after Xsensing shows the loss of manganese ions
method™® Figure S2C,3hows FESEM micrographsMif  from the parent material, during stripping 8f As

after A% sensing. The nanorods, which were observed on theSamples for HRTEM measurements were prepared by
as-prepared electrode, weattened after multiple stripping dispersing the electrodeposited Mia@er from the electrode
cycles of arsenic sensing. into ethanol by ultrasonication for 30 min. The dispersion was
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then spotted on a carbon-coated copper grid and dried underFor the ICP-MS experiment, samples were collected from

ambient conditions. the electrolyte for ICP-MS analysis before performing LSSV
HRTEM analysis shows the polycrystalline nature ofAs®™ sensing). The second-set samples for ICP-MS analysis

electrodeposited MpOThe morphology and lattice spacing were collected after the LSSV. This was repeated each time for

of the electrod®3 before and after Xsensing are dirent, di erent concentrations of°A¢1 100 ppb). The Mn ion
which is evident from the HRTEM micrographs shown irrelease and As ion uptake by the electrode are indicated by the
Figure 2The HRTEM of as-prepared electrdédgu(re A,B) di erence in concentrations of Mn and As ions before and after

LSSV. We have analyzed the concentrations for treemdi
M3 electrodes. We observed that after each stripping step a
minor change in the concentrations of manganese and arsenic
ions is seenHjgure Sp The release of manganese ions from
the electrode is more during the initial stripping cycles. The
average concentration of manganese ions released into the
electrolyte after each stripping cycle varies between 60 and 90
ppb. The uptake of arsenic by an electrode at each stripping
cycle is less tham? ppb. This is not a sigonant change in
concentration. However, this result proves that the electrode
retains very less amount of arsenic after completion of a
stripping voltammetric cycle. The arsenic deposited during the
deposition step (ASto AS) is e ectively getting stripped o
during the anodic stripping step %(#s As*). Low arsenic
retention by an electrode is bexa for accurate results.
HRTEM micrographs of electrodddl and M2 (as-
prepared and after Asensing) are given liigures S6 and
S7 respectively. Change in morphology and lattice spacing
after A% sensing was also observed in both these electrodes.
HRTEM images of as-prepaféd and M2 demonstrate
Figure 2HRTEM micrographs of polycrystalline MfrGnM3 (A, nanorod-like structures with a lattice spacin@.@4 nm in
B) as-prepared electrode and (C, D) aft&rsemsing. (A) and (C)  Figures S6A,B and S7ATRe morphology of electroit®
are low-magntation images where (A) shows a large partitlé ( \yas changed to a crumpled paperlike structure after using it for
m in length) and (C) shows a cluster of several nanosized parml@@nsing. The lattice spacingdbf(Figure S6C Pand M2

of MnQ,. The high-magniation micrographs (B, D) show that the . .
particles have daite lattice spacing before and after sensing. ThiéF'gure S7C’D9hang?d t0 0.24 and 0.3 nm after sensing.
signies the phase transformation of as-prepared fted A% 3.2. X-ray Di raction (XRD) Patterns, X-ray Photo-
stripping. The scale bars are @25 nm, 0.1m, and 5 nm for (A), ~ €lectron Spectroscopy (XPS), and Raman Spectral
(B), (C), and (D), respectively. Analysis of Electrode M3. The electrodeposited MpO

electrodes were air-dried and subsequently used directly for
shows that it is composed of larger particles wighedt ~ X-ray diraction analysiSigure &,B shows the XRD patterns
lattice orientations. Moreover, there might be a possibility @btained foM3. Crystallinity of the as-prepared Ma&mple
nucleation of a mixed phase in the as-prepared samples. T¥&s poor except that amiction peak of the electrodeposited
lattice spacing of the sample after sensing (0.50 nm) changedterial was observed &8.8 corresponding to either MnO,
drastically compared to that of the as-prepared sample (0.84,05, or both (JCPDSIe nos. 751090 and 894836 for MnO
and 0.34 nm). This comms the evolution of a new phase of and MnQO;, respectively). Manganese oxide-based compounds
the electrode material. The lattice spacing of the electrode aft@wve MnQ@octahedral units, which are connected by corner or
sensing corresponds to the ;®In phaseé® The lattice edge sharing and form a structure with random inter-
orientation and arrangement of,®Incrystallites are almost growth>>”® This is evident from the random lattice
unidirectional, which is observedfigure B. The evolution  orientations in electron microscopy imadégule B).

of Mn;O, after A% sensing is presumably because of in sitifhere might also be a chance of coexistence of the mixed
growth of the material by successive depositiort’obrAs  phase in the same sample, which has been discussed already in
MnO/Mn,O; of the as-prepared electrode, followed bythe HRTEM image analysis. The random arrangement of
stripping of A¥ from the electrode surface. During the MnO/ Mn,O; phase imparts dirent crystal orientations
deposition step of stripping voltammetry, there may be @igure B) and demonstrate that they are not epitaxial in
formation of MnO As complex due to weak interactions growth. The XRD patterns of the as-prepared MngMn
between Mn ions of the electrode antf Ams from the  sample showed smallrdiction peaks because of disorienta-
electrolyte. Some of the Mn ions are released along %ith Agion of the crystal planes, which can lead tsed X-ray
during the anodic stripping step. In the subsequent strippirggattering. The sharp peaks, which are obsefigdrin 3,

cycle, some Mn ions (present in the electrolyte due to thare mainly crystalline planes of the underlying ITO substrate
previous stripping cycle) may redeposit on the parent surfaGECPDS le no: 71-2194) as shownFRigure S8AHowever,

and, nally, get stripped out further witi?"Ast should be  the XRD features of the same electrode aftesitipping

noted that the rates of desorption and deposition of Mn in théFigure B) di er distinctly from those of the as-prepared
stripping cycles are drent. This is conmed by Mn and As  samples. There is an evolution of a new phase dfter As
ion analysis by ICP-MS. This successive desorption asttipping, which is coomed by the sharp daction peaks (2
deposition of Mn ions during LSSV cycles may be the cause forl6, 32.3, and 4Pin the XRD pattern shown ffigure B.

phase evolution of the parent material. The peaks correspond to {@y (JCPDS le 894837). The
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Figure 3.Characterization of electrdd8: (A) and (B) are XRD patterns bf3. The (k) planes are indicated. Planes for the as-prepared
electrode correspond to the (A) MnO orf@gphase and (B) M, after A% sensing. The unassigned peaks correspond to the XRD pattern of
the ITO glass substrate, which are mentioriédiine S8AThe data were recorded using a Csdurce. (C), (D), and (E) are XPS data of the

Mn 2p, Mn 3s, and O 1s regions, respectively. (F) Raman spectra of 8&ctfaggb), and (c) in (C) (F) correspond to bare ITO, as-
prepared MnQelectrodes (before sensing), and Melectrodes after sensing, respectively.

evolution into MgO, is governed by the successive electro- To get more insight into the oxidation states of Mn, we have
chemical adsorption and desorption &fdwing deposition  performed XPS of the as-prepared electrodeposited electrodes.
and stripping events of the LSSV cycle, respectively. DuriX®S data of the Mn 2p, O 1s, As 3d, and Mn 3s regions were
the deposition step of A®n manganese oxide, there may bemeasured before and after As sensing to understanecthe e

a formation of MNnO As species on the electrode surfaceof LSSV on the oxidation state of electrodeposited. Mh©
because of the scavengingce of MnQ toward A¥. Mn 2p spectraHigure &) of both, before and after sensing,
Subsequently, during the*Astripping step, the release of MnO, electrodes exhibit a sporbit doublet composed of
manganese ions with >Agdissolution reprecipitation of  Mn 2p,, and Mn 2p,, peaks. A slight change in thk/alues
manganese) may change the oxidation states or phaseobfl1.4 and 11.5 eV was observed for electrodes before and
parent MnO/MBO;. Initial degradation of the manganese after sensing, respectively. Both Mp 2pd Mn 2p,, peaks

oxide surface during stripping voltammetry leads to theere deconvoluted for both the samples. The Mrp2ak of
formation of a new microstructure along with the phaséhe as-prepared Mp@lectrode is observed at 640.4 eV, which
evolution to MgO,. To verify the conjecture whethet'Asis is the main characteristic peak of MhThe Mn 2p,, peak

a role in the evolution of the new material or not, we havef the same electrode after electrochemical sensing exhibited a
performed a control experiment. For that, LSSV wasmall shift in binding energy (640 eV). Mn 3s spddtyaré
performed oM3 in two di erent electrolytes: distilled water 3D) of the electrode before and after sensing were also
and PBS. This was followed by washing the electrode wislmalyzed to get more information about the oxidation states of
distilled water (without A3 and, subsequently, XRD data Mn. The splitting of Mn 3s spectra arises from exchange
were taken Higure S8B No additional XRD peak was interaction between the unpaired electrons in the 3s orbital
observed after performing LSSV in the absenct of Bath and the 3d valence band electfdr&plitting energy of the
distilled water and PBS. Mn 3s spectrum (5.4 eV betwéBrand’S states) arms the
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Figure 4.(A) Nyquist plots of electrochemical impedance spectra fgfiMb®lectrodes 11, M2, andM3) in PBS. Each Nyquist plot can be

tted with the same electronic circuit shown in the inset. The value of each comparent ideach electrode and is showalie S1The

electronic components have their individual s@grde in the electrochemical process. (B) A comparative study of the Nyquist plot for as-
prepared3 and the same electrode after multiple stripping cycles for arsenic sensing.

Mn3* oxidation state of the electrode before electrochemical 3.3. Electrochemical Impedance Spectroscopy Stud-
sensing®® The splitting energy of 5.5 eV of the sameies on MnO, Electrodes. Electrochemical properties
electrode after electrochemical sensing corresponds to theluding interfacial charge transport characteristics at the
Mn;O, phase, which is consistent with previous répotts.  electrodeelectrolyte interface largely depend upon the phase
The O 1s spectraigure E) of the electrode, before and and electronic conductivity of the electrode material, while
after sensing, showed a broad peak, which was deconvoldtatk di usion and interpore dision are iruenced by the
into three peaks. The peak at 528 eV belongs to th® Mn  hierarchical surface morphology of each Mr@electrode.
Mn binding energy, the peak at 530 eV corresponds t®he electrochemical properties at the electrode surface can be
hydroxyl groups attached to manganese QW), and the viewed as a nonlinear phenomenon, and each phenomenon
531 eV peak belongs to water or hydroxyl groups, which wezen be estimated in terms of electronic components (resistor,
physically adsorbed on the surface of the electrode. Aftespacitor, and constant phaelement) of a nonlinear
sensing, there is a sigaint rise in the 530 eV peak compared electronic circuit. Thus, an impedance spectrum simulated
to the 528 eV peak; this attributes to hydration of surface Mnfrom an alternating current (AC) perturbation applied to a
O Mn groups. No peak was observed in the As 3d region abnlinear electronic circuit can fted with the experimental
44 46 eV (As(ll)/As(V)) before and after sensirigg(ire impedance spectrum obtained from EIS measurements of an
S9. Thus, there is no considerable amount of arsenic bindingdividual electrode. Electronic properties of as-prepared
to the surface after multiple stripping cycles of As sensing. MnO,/ITO electrodes electrodeposited atedént potential
To get more profound insights into the phase evolution ofvindows and their inence on the electrochemical properties
the initially deposited material, we have performed Ramavere analyzed by EIS. An AC signal of 10 mV was applied to
spectroscopy measurements on eledt8dieefore and after the MnQ/ITO electrode with respect to the reference
AsS* sensing along with a bare ITO substrate as a control. Tledectrode, and subsequently, the current was measured
spectra are shown fifigure B. Raman spectrum of the as- between working and counter electrodes. EIS was carried out
prepared sample (spectrum b) shows the main characteristic PBS electrolyte, and impedance was recorded at each
peak at 653 crh which corresponds to the symmetric frequency of the AC signal, which was varied from 200 kHz to
stretching of the MO Mn bond of MnQ octahedron of 100 mHz at 6 dB per decade.
MnO/Mn,O5. This is in good agreement with the previous In the complex impedance (Nyquist) plot showrdnre
reports'’ However, after electrochemical arsenic sensing, thé, the semicircle describes the interfacial electron transport
same sample exhibits a relatively higher-intensity Raman ppedperty of the Mn@TO electrode, while the straight line
at 646 cm' with a blue shift of the vibrational frequency of theafter the semicircle is known as Warburg impedance. This
symmetric stretching mode of Mm@tahedron. Distortion of  corresponds to the dision of bulk ions to the electrode
the MnQ; octahedron resulting from the formation of Mn electrolyte interface. Each semicircle of the electrode consists
O As species during deposition of AsLSSV cycles leads of two intercepts; thast intercept is related to the equivalent
to a blue shift. Furthermore, the release of manganese al@agies resistanc®y( between MnQ and current collector
with AS* into the electrolyte leads to the appearance of ghere ITO), while the second intercept is associated with the
lower-frequency peak at 357 tmue to the deformation charge transfer resistan&) (from the electrolyte to the
mode of the MnO chain in the Mn@ octahedron. This  MnO, electrode through the Faradaic redox reactiorRsThe
results suggests the evolution of the material with a neandR for electrod&l are indicated iRigure A. Summary
oxidation state corresponding to ;@ The release of of these two resistances of all of the samples and EIS spectra
manganese ions along with*Aduring multiple stripping recorded for the bare ITO glass substrate are presented in
cycles is supported by SHEDX elemental analysisdqure Table landFigure S1(espectively. The insefFigure A is
S9 and ICP-MS analysi§igure Spof the M3 before and  the corresponding electronic circuit for the Nyquist plot.
after A% stripping. Parallel combinations of both &8 and C4R4 are
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Table 1. Summary of Equivalent Series ResistaRgeafd response for higher arsenic concentrations. Howewemthe
Charge Transfer Resistandg.j of Di erent MnQ/ITO M2 is highest compared to the other electrodes. Here, we
Electrodes Obtained from EIS Measurements would like to mention thdgs is the combination of both
; _ _ solution (or electrolyte) resistance and masetiaternal
equivalent series charge transfer resistance . .

electrodeposition resistanceRy) (MnO, to  (R.) (electrolyte to MnQ) resistance. Since we have used the same electrolyte (PBS)
voltage window ITO) () () during EIS measurements, any changgisnbecause of the

M1 (0.8 1.3V) 44 115 change in electronic conductivity of the electrode material. For
M2( 0.2 0.9V) 74 23 electrochemical sensor applications, the electrode must have
M3( 1 1.3V) 53 23 low series and charge transfer resistances. Since d#trode

has lower internal resistance and it promotes better charge
transfer compared to the other electrodes, this electrode is the

electrolyte into the hierarchical rough surface of the af€St choice for sensing applications. The interfacial charge

prepared electrode. Q1 and Q2 are called constant phaggnsfer property iS. a crucial factor_for an_electrochemical
elements, which are associated with the double-lay8fnSOr as it directly inences the arsenite sensing response by
capacitance formed in the inter-fintraparticle rough surfadd® electrodes. Electrdd8 is a better choice in terms of this

of the electrode. The values of these components for electrodéQPerty too. _ _

M1, M2, andM3 are given ifable S1From the Nyquist plot EIS ofM3 before and after Kssensing was also studied,
(Figure ) andTable S]lwe observe that both bulkukion and the corresponding results are showigime 8. After

and interpore dusion on the surfacelf, M2, andM3 are ~ multiple stripping cycles for *Assensing, the internal
almost similar. Therefore, the edences in the surface resistance d¥13 is lowered; however, there was an increase

morphologies of electrodes do notca the ion diusion in the interfacial charge transfer resistance at the electrode

toward the electrode surface. However, acighchange in electrolyte interface. The decrease in the internal resistance of
R ( 23 )is observed at the electroedectrolyte interface  €lectrode may be attributed to the phase evolution of the
of M3 compared td/1 andM2. ElectrodeM1 exhibited the crystalline MO, phase with unidirectional lattice orientation
highesR among all three electrodes and has poor response {bigure D) after A$* sensing. Since manganese is released
arsenic sensing although it showed loRgesthus, redox  into the electrolyte with Hsstripping, the ective electro-
reactions occur faster on tht8 electrode surface during chemical surface areaM# is reduced, and as a result, an
stripping voltammetryFigure B). On the other hand, increase in charge transfer resistance is observed.
electrodeM?2 showed almost the samRg as compared to 3.4. Electrochemical Analysis for Arsenite (As®)
electrodeM3, but its highRs hinders the arsenic sensing Sensing Using Optimized Electrode M3 and Determi-

impedances that are related taisiion of ions from the bulk

Figure 5.Electrochemical arsenite sensing®in PBS: (A) optimization of deposition potential and time fosassing. (B) LSSV response
for various concentrations (150 ppb) of A¥. (C) Linearity analysis of chronoamperometric current é&vedi concentrations offAsError
bars represent interelectrode variability. (D) Interfering ions study ariémidinetal ions (100 ppb?keF€*, C#*, MY, and PB" added
sequentially) and the response of arsenic in the presence of all of the metal id&s using
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nation of Limit of Detection (LOD) through Linear results by the three electrodes araieinced by their
Response to As®* by the Electrode. To obtain the best individual material properties such as morphology, phase,
performance for detection of trace amount SfiAsvater and interfacial charge transfer.
with our MnQ/ITO electrode, crucial experimental parame- A control experiment was performed to check the impact of
ters like deposition potential (DP) and deposition time (DT) the optimized parameters on the electrochemical performance
were optimized. PBS was used as the electrolyte during allobfthe bare ITO electrode. For this, cyclic voltammetry was
the LSSV measurements. For optimization, we varied DT froperformed on the bare ITO electrode using a redox molecule
60 to 300 s at a constant DP and concentration of arsenigefore and after performing stripping voltammetry (at
Subsequently, the stripping current peak was monitored. Thiptimized parameters in PBS). CV measurementsnedn
was repeated for three DPs 05, 0.7, and 1V at 10 ppb  that there is no sigmiant change in redox peaks even after
As”. Figure B shows the peak current as a function of DT. Itapplication of 0.7 V for 180 s for ten LSSV cycles. These
is observed that the stripping current at each DT is higher fexperimental results support the electrochemical stability of
0.7 V compared to other DPs and that it reaches a maximufhO and absence of electrochemical hindrance at the
at 240 s. Thus, the parameters 0f7 V and 180 s were electrodeelectrolyte interface. The corresponding cyclic
selected as DP and DT, respectively, for stripping voltammetvpltammogram is givenkigure S12
For arsenite sensing, the stripping current was recorded atnterference study with drent metal ions (shown in
these optimized parameters during the anodic potential sweepure ®) using electrod®3 was performed in PBS. The
with di erent concentrations ofAsArsenite concentration as concentration of all of the metal ions’{Fee*, Cu**, M,
low as 1 ppb was experimentally detected by LSSV usiagd PB") was maintained at 100 ppb during the study. Later,
electrodes prepared at all of the three voltage windows iree arsenic concentrations (10, 50, and 100 ppb) were
deposition K11, M2, andM3). However, the current intensity analyzed in the presence of these metals. The metal ions were
of the A" peak is dierent for each of the three electrodes.added sequentially, as representefignre . Stripping
The electrodéM3 exhibited the best #ssensing behavior voltammetry was performed for all metal ions keeping the
with linear concentration-dependent response over théeposition potential constant 4.7 V, and stripping of the
concentration range of 150 ppb.Figure B illustrates the ions was performed within theed potential window
LSSV signal of electrdd8 for various concentrations of'’As  ( 0.40 0.20 V). The peak potential and current were
in PBS. HoweveFigure S11A,Bhow the LSSV signal for monitored for each ion. Electrdd8 was inert toward both
As" by electrodeM1 andM2, respectively. Fe*and F&"ions, and an absence of peak current was seen. A
The electrochemical analysis revealed that the el&tdrode peak current was registered with"Qur?*, and PB" at the
has a higher electrochemical activity towdtd e limit of ~ Oxidation potential value 06.17 V for C& and Mrf* and
detection (LOD) obtained experimentally using our MnO 0.18 V for PH. Moreover, the current intensity of the#Mn
electrode was 1 ppb. Researchers have reported theoretigk was higher as compared to that &f &uthe same
LODs of 0.825 ppb using Cp@h a glassy carbon electrode in potential. There is no interference of metal ions at the
PBS of pH 7} 0.1 ppb using a rGO/Mn{nhanohybrid on  Oxidation potential of Asand hence electrodi43 is highly
glassy carbon electrodes in acetaterbof pH 5-° etc. selective for A% detection. Enhancement of the oxidation
However, one interesting aspect of our experiment is that werrent of A¥ was observed with a sequential increasé& of As
have carried out electrochemical analysis through LSSV cancentration in the presence of all metal ions.
slightly basic pH (7.4), which leads to the practical viability ~The probable mechanism for phase evaluation of the active
in eld water analysis. Furthermore, arsenic dissolution inmaterial during sensing may be explained by the following
basic pH electrolyte does not generate toxic arsine gas, whicghigmical reactions.
produced when arsenic is dissolved in an acidic medium.
The saturation concentration of*Ais di erent for the
three dierent electrodesvil, M2, andM3). As shown in
Figure B, the response 83 was saturated atl25 150
ppb, whileM1 (Figure S10Aand M2 (Figure S10Bwere
saturated at 100 110 and 60 70 ppb A¥, respectively.
The linear response B is shown irFigure €. The data is
recorded with three dirent M3 electrodes. Error bars
represent interelectrode variability. The stripping current
varied linearly with the concentration 6f Aser the range
of 1 150 ppb. The eventual decrease in sensitivity observed
after multiple stripping cycles may be explained by the change
in electronic properties (wherein the active material converts )
into Mn,O, from as-prepared MnO/MDs) as reported in  Phase evolution:
EIS studies. The current responsettesd with the linear S
regression equation & 0.0004 + 0.018 (wherg is the MnO/Mn0; + Mn(OH) ,+ e Mg - H,
sensor response current arisl the A% concentration), and
the regression correlation cormnt was 0.92. The theoretical Electrochemical sensing of arsenic by the as-prepared electrode
LOD was 0.012 ppb, and the calculation is given in formulasahd subsequent phase evolution of the parent material after

(electrode) 3)

and 2 ofSl. sensing involve various reaction steps. In the deposition step of
The electrodebl1, M2, andM3 showed dierent sensing LSSV €q ), electrodeposited Mn@ets oxidized (M to
behaviors for various*Asoncentrations (data figkl andM2 Mn®*" and AS* from the electrolyte is reduced t8 és the

are shown ifFigure S11A,Bespectively). Dérent sensing electrode. The MO As complex thus formed may exist as
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