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ABSTRACT: Arsenic detection in field water samples at concentrations
of relevance with affordable and simple equipment is of global interest.

. —
We report a biomimetic electrode using electrochemically reduced f:-,ww'ms
graphene oxide (ERGO) for highly selective and sensitive reagent-free " g \\\
arsenite (As®*) detection in field water samples, down to the ten parts Y Mn2* ":';043"‘,%531‘& L

per billion level, enabling measurement of drinking water quality Fez"‘% % &Y No. of scans ', o ,

affordably for millions of arsenic-affected people. This electronically and

structurally optimized ERGO electrode shows selective detection of As®* sl

in both phosphate buffered saline (PBS, pH ~7) and field water samples, sl ey
even though more than 100 times larger conductivity and total dissolved 2 -
solids (TDS), respectively, are present in them. Raman and FTIR \ ‘_E
spectroscopies were used to understand the mechanism of selectivity and \ s
sensitivity. The sensing mechanism involved two processes, namely,

selective binding of As** with the —COOH groups of ERGO followed by

its electro-oxidation by an applied potential. Density functional theory (DFT) and force-field calculations were used to obtain crucial
insights into the site selectivity and mechanism of oxidation of As*". A two-electron transfer process from As** to ERGO followed by
associative O ligand addition to As®* by a ketone oxygen atom, and concomitant regeneration of —COOH group is presented. The
ion selectivity depends both on structural and electronic factors. First, the compact pyramidal-shaped As** species may closely
approach the edge —COOH functional group to a greater extent than the other ions enabling covalent binding of the As center with
the ketone O atom. Furthermore, closer proximity of the lowest unoccupied molecular orbital (LUMO) acceptor level of the
positively charged ERGO and the highest occupied molecular orbital (HOMO) donor level of the As** species suggests that a
uniquely selective resonant charge-transfer effect occurs between the As®* species and ERGO.

KEYWORDS: graphene, ERGO, biomimic device, arsenic sensor, chronoamperometry, electron transfer, density functional theory,
Raman spectroscopy

H INTRODUCTION anemia, burning sensation of eyes, liver fibrosis, chronic lung
disease, and neuropathy. Therefore, its quantitative and

Availability of clean water (CW) globally necessitates
selective detection in drinking water with an affordable device

continuous monitoring of water sources and service lines.

Development of reliable, cost-effective, and compact sensors like a glucometer is essential. Elemental As exists in two ionic
for water quality is thus an important need.' Biosensors offer forms, arsenite (As™) and arsenate (As>"), in natural water and
high sensitivity and selectivity to specific contaminates with a the former is more toxic.”'* AiO immobilized electrode was
quick response time and regenerability.”* Enzymes have been shown to be capable of detecting As selectively in water.” As>*
used extensively as active constituents of biosensors for the binds with the molybdenum (Mo) center of AiO thorough
detection of contaminants, especially in the biological nucleophilic interaction and subsequently, As** is oxidized by
context.”™” For example, glucose oxidase (GOx) is commonly the concurrent reduction of molybdenum of AiO (Mo® to
used for rapid screening of the glucose concentration in human Mo*") during the catalytic cycle.”'* Despite its selectivity to

blood, for diabetes management.® Arsenic (As), a notorious
natural poison, found in many water bodies and one of the
world’s deadliest environmental hazards, affecting over 300
million people globally, can be detected by an enzyme, arsenite
oxidase (AiO). Long-term consumption of arsenic contami-
nated drinking-water and food can cause skin lesions and even
cancer. It has also been associated with cardiovascular disease
and diabetes. It impairs cognitive development. Specific
additional health effects include hyperpigmentation, keratosis,

As*, its complex extraction and purification procedure,
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stability at ambient temperatures, and more importantly,
binding to a particular substrate inhibit the use of AiO for
field applications as of now.' "'

Several chemical entities such as metal complexes,
porphyrins, fullerene derivatives, gold nanoparticles, and rare
earth nanoparticles that exhibit structural diversity (size, shape,
and morphology), specific crystallographic orientation, and
surface charlge have been shown to mimic various natural
enzymes.m_ b Currently, As* sensing using nanomaterials is
exclusively based on anodic stripping voltammetry (ASV).'"~**
Efforts to synthesize different nanostructured materials, with an
aim of developing a biomimetic electrode with activity similar
to AiO but with superior physical and chemical stability has
been reviewed.”* The performance of most of these materials
for selective As®" sensing in natural water samples, composed
of numerous other species, typically at several orders of
magnitude larger concentrations, is not satisfactory for field-
deployment. Thus, the need to develop an electrode for
selective As®" sensing is obvious.

Although reduced graphene oxide is a common material
now-a-days, controlled modulation of functional groups and
subsequent changes in its electronic properties are expanding
areas of research for developing chemical/biological sensors,
especially for toxic metal ions in water. Graphene oxide (GO)
and reduced graphene oxide (rGO) have found applications in
biomimetic chemistry because of the presence of various
functional groups that can interact with a wide range of target
molecules through different binding mechanisms.””*® More-
over, rtGO was shown to possess greater aflinity toward target
molecules than even natural enzymes because of the higher
synergetic effect due to its high surface area and electronic
conductivity.”” >’ Electronic properties of rGO can be tuned
by modifying the oxygen-containing functional groups. Such
tunable electronic properties and surface charge of rGO
facilitated its application as biosensors.”’ In view of that, we
have fabricated an rGO-based arsenite sensor.

Here we report an electrode composed of a few layers of
electrochemically reduced graphene oxide (ERGO) as an
alternative to AiO for selective and sensitive As®* sensing, in
natural waters. Tailoring the functional groups of the ERGO
film in a controlled fashion is imperative to mimic the
characteristics of AiO. We propose an approach to bind the
arsenic species with the functional groups of ERGO and
subsequent oxidation of the bound species at the surface upon
application of a potential. Various electro-analytical and
spectro-electrochemical measurements were employed to
understand the biomimetic activity of the ERGO electrode.
Spectroscopic studies confirmed that As** binds with —COOH
functional groups, which resulted in a change in the molecular
orientation of ERGO. These bound species were oxidized at
the surface of the electrode and released from the surface as
As* after application of a potential. These processes and the
selectivity mechanism of the sensor toward different ions were
modeled computationally.

B MATERIALS AND METHODS

Chemicals. Flexible gold (Au) strips were purchased from Bio
Nano Consulting (BNC), London, UK. Approximate thickness of Au
was maintained as 10 nm over polyethylene terephthalate (PET)
substrate. Sodium 2-mercaptoethanesulfonate (MESA,
HSCH,CH,SO;Na) of 99.9% purity was purchased from Sigma-
Aldrich and it was used for surface modification of Au strips. For the
synthesis of GO using modified Hummer’s method, we used several

chemicals. Graphite flakes (95% of carbon) were obtained from
Active Carbon India Pvt. Ltd. Sulfuric acid (H,SO,, 95—98%),
hydrochloric acid (HCl, 36%), ammonia (NH,, 30%), and hydrazine
hydrate (N,H,. H20), were obtained from Rankem Chemicals Pvt.
Ltd, India. Hydrogen peroxide (H,O,, 98%) was purchased from
Merck, India, and phosphorus pentoxide (P,Os, 95%) was from SD
Fine Chemicals Pvt. Ltd., India. Sodium nitrate (NaNO;) was
procured from Loba Chemie, India. Potassium peroxydisulfate
(K,S,04, 98%) and potassium permanganate (KMnO,, 98.5%) were
bought from Sisco Research Laboratories Pvt. Ltd., India. Detailed
synthesis process of GO is described in the Supporting Information.
The experimental procedure including detailed synthesis of ERGO
electrodes, followed by their morphological and structural character-
ization and study of As®" sensing via several electroanalytical and in
situ spectroelectrochemical techniques, is shown in Figure SI.

Electrode Fabrication. The complete fabrication process of
ERGO electrodes comprised the synthesis of GO by modified
Hummer’s method,” pretreatment of Au strips with sodium 2-
mercaptoethanesulfonate (MESA), coating of GO on Au strip by the
drop cast method, and finally electroreduction of the GO film. Each of
these steps is described in detail in the Supporting Information. We
prepared three different ERGO electrodes by varying the electro-
reduction time (1, 3, and 6 h) of GO coating over flexible Au strips
and the samples were named accordingly (ERGO1, ERGO3, and
ERGO6, respectively).

Instrumentation. Surface morphology and elemental analysis of
the electrodes were performed by FESEM—EDX (Thermo Scientific
Verios G4 UC). Backscattered electrons and secondary electrons were
used for imaging at an accelerating voltage of 10 kV under high
vacuum condition.

Raman spectroscopy was performed on ERGO1 and ERGO6 using
a confocal Raman instrument (Witec GmbH, Alpha-SNOM
alpha300S) equipped with a 633 nm laser (power ~10 mW) as the
excitation source. Raman spectra were collected for electrodes in air
and in the presence of DI water. In-situ spectro-electrochemical
measurements were carried out using electrodes in the presence of
As® mixed with DI water. Electrode strips were connected with an
electrochemical workstation through a strip holder, which was
mounted on a piezoelectric scan stage of the Raman spectrometer.
Measurements were carried out with a 20X objective (Plan-
Apochromat, Zeiss) for solid state measurements. Spectro-electro-
chemical measurements were carried out using a 60X water objective
(Nikon Fluor). Spectro-electrochemical measurements were per-
formed using an EMSTAT potentiostat, in presence and absence of a
DC potential, with 100 yL of aqueous As** solution on both the
electrodes. The spectra were collected at the laser excitation
wavelength with an acquisition time of 1 s. A long band-pass filter
was placed in the path of the Raman signal, to cut off the Rayleigh
scattering. The signal was then dispersed using a 600 grooves/mm
grating, and finally, the dispersed light was collected with a Peltier-
cooled charge coupled device.

IR spectra of ERGO electrodes were acquired by a PerkinElmer
FT-IR spectrometer. All the electrodes were dried completely under
vacuum condition before performing IR measurements.

X-ray photoelectron spectroscopy (XPS) measurements were
carried out using an Omicron Nanotechnology ESCA probe TPD
spectrometer. Polychromatic Al Ka was used as the X-ray source (hv
= 1486.6 eV). All the ERGO samples were placed on a carbon tape
attached on the sample stub. Constant analyzer with energy of 20 eV
was used during measurements. Prior to measurements, binding
energy was calibrated with respect to C 1s at 284.8 eV. All the XPS
spectra of the samples were deconvoluted using CasaXPS software.

Electroanalytical Measurements. Change in electronic con-
ductivity and interfacial transport property of ERGO samples were
investigated by electrochemical impedance spectroscopy (EIS).
Surface charge of ERGO electrodes was studied using Mott—Schottky
(M-S) analysis and the interfacial (electrode/electrolyte) electron
transport property was evaluated using the Nyquist plot. M-S analysis
was performed by measuring impedance of each electrode by varying
applied DC potential at a given frequency of the AC signal (in our
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Figure 1. (a) Schematic representation of selective As** sensing by ERGO electrode. The geometric area of the working electrode is ~0.2 cm* (0.7
cm X 0.3 cm). FESEM images of (b) ERGO1, (c) ERGO6 electrode at the same magnification. Inset of Figure 1c shows a magnified FESEM image
of the chosen area. Figure 1d, f represent changes in the molecular structure of ERGO during the electroreduction process. Figure le corresponds
to the chronoamperometry (CA) curve of electroreduction during the preparation of ERGO strips. Here, current decreased from —4S to —10 yA
within 15 min and it remained constant up to 3 h, implying electroreduction of the oxygen-containing functional groups (C—O, C—OH).
Afterward, it started to increase slowly from —10 to —16 pA, which could be attributed to the breaking of a large sheet into small nanosheets and
the edges of ERGO6 nanosheets being oxidized. Figure 1f represents the molecular structure of ERGO6, which suggests that the top surface of
ERGOG6 consists of several nanosheets, in agreement with the SEM image in c.

case, it was 1 kHz), while Nyquist plot was deduced by measuring
impedance of the electrodes in the frequency range of S MHz to 100
Hz. Amplitude of the signal was maintained as 10 mV during
measurements. Both measurements were performed in the presence
of phosphate buffered saline (PBS). Electroanalytical measurements
with ERGO electrodes were carried out via cyclic voltammetry (CV),
linear sweep voltammetry (LSV), and chronoamperometry (CA)
measurements in PBS and field water samples for As®* sensing. The
sensing mechanism was further analyzed by in situ electrochemical
measurements with Raman and FTIR spectroscopy. Experimental
details are presented in detail in the Supporting Information.

DFT Calculations. We modeled the analyte—sensor binding
interaction, oxidation mechanism, and the selectivity of the sensor
toward different analyte ions using density-functional theory (DFT)
calculations and our methods are described in detail in the Supporting
Information.

B RESULTS AND DISCUSSION

Biomimetic activity of ERGO electrode with exceptional
sensitivity and selectivity toward As®* is displayed schemati-
cally in Figure la. As** binds selectively with the acid
functional group of ERGO and upon application of a low
DC potential, it was oxidized and released as As’* into the
solution. In this process, a signal was detected and active sites
were regenerated. Therefore, it is necessary to analyze the
change in structural and electronic properties, brought about
by tailoring the surface functional groups of the active ERGO
electrode.

Morphological and Structural Evolution of the ERGO
Electrodes. ERGO samples were prepared by electro-
reduction of GO coated Au strips at —1.1 V. Electroreduction
was performed for different time periods (1, 3, and 6 h) and
corresponding electrodes were labeled as ERGO1, ERGO3,

and ERGOG, respectively. Surface morphology of these ERGO
electrodes and structural changes upon electrochemical
reduction can be seen from FESEM micrographs. Morphology
of ERGO1 resembled that of a continuous wrinkled thin film
(Figure 1b). On the other hand, ERGO6 (Figure 1lc) was
composed of many smaller sheets with varying sizes (~1-2
um). Moreover, an expanded SEM image (inset of Figure 1c)
showed that each ERGOG6 sheet was an assembly of smaller
particles of reduced graphene oxide, having particle sizes in the
range of ~10—20 nm. Additional SEM images and detailed
EDS analysis of ERGO6 is presented in Figure S2. EDS
spectrum (Figure S 2d) taken from one of these small particles
confirms the elemental composition (carbon C and oxygen O).
Presence of fluorine (F) is associated with Nafion, used as a
binder for electrode fabrication.

XPS analysis was performed to study the possible changes in
elemental composition during the electroreduction process.
We carried out this analysis on GO, ERGO1, and ERGO6.
XPS spectra of C 1s and O Is of all the electrodes are shown in
Figure S3. The C 1s region of GO, ERGOI, and ERGO6
samples are shown in Figure S3a—c and O Is spectra are
shown in Figure S 3d—f, respectively. Spectral features of
deconvoluted C 1s and O 1s peaks are presented in Table SI,
and are in agreement with the reported values.””~>* Before
electroreduction, population of oxygen containing functional
groups of GO was higher than in ERGO samples. After the
electroreduction process, a significant decrease in the
population of oxygen-containing functional groups, especially
of hydroxyl and epoxy groups, was observed from parent GO.
Population of O—C==0 functional groups was similar for both
ERGO1 and ERGO3. Surprisingly, an increase in the
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Figure 2. (a) Mott—Schottky analysis of ERGO samples to determine surface charge of the electrodes. Nyquist plots of different ERGO samples
with and without As**, (b) ERGO1, (c) ERGO3, and (d) ERGO6. The equivalent electrical circuit, which was deduced after fitting the impedance
spectra of all the electrodes, is shown in the inset of Figure 2d. The value of each fitting circuit elements is shown in Figure S4c.

population of C=0 and C—O functional groups was observed
for ERGO6, compared to ERGOI, as seen in Figure S3d—f.
This was attributed to the reoxidation of ERGO during
electrode preparation, as noticed from the CA profile (Figure
le). The electroreduction current reached a constant value
within 15 min and remained unchanged up to 3.5 h. Beyond
this point, the current started increasing, indicating partial
reoxidation and at 6 h, the current was maximum. This
enhanced current signified that a continuous larger sheet
structure got fragmented into tiny sheets, which remained
assembled (Figure 1c). Figure 1d, f show schematic
representations of the molecular structures of ERGO1 and
ERGOG, respectively. Therefore, initial reduction and sub-
sequent controlled oxidation in ERGOG6 optimized the size and
functional groups present on the surface, which further
modulated the surface electronic conductivity, and interfacial
transport property, thereby enabling sensitive and selective
As** sensing.

Change in Electronic Conductivity and Interfacial
Charge Transport Property of ERGO. The presence of
different functional groups such as hydroxyl and carboxyl made
GO negatively charged in solution. During electroreduction,
some of these functional groups present at the surface of the
electrode were reduced, which was expected to enhance the
electron density at the edges of ERGO. Thus, electronic
conductivity of the electrodes got enhanced.” Electronic
properties including surface charge densities of each of the
ERGO electrodes were investigated by Mott—Schottky (M-S)
analysis performed at 1 kHz, in which reciprocal of the square
of capacitance was plotted as a function of the potential
applied to the electrodes.” M-S profiles of all three ERGO
electrodes are shown in Figure 2a. Prominent inverse V shaped
M-S profiles were observed for both ERGO3 and ERGO6
confirming simultaneous existence of both positive and

11879

negative charges on the electrodes.””” A higher negative
slope observed for these two indicated greater accumulation of
positive charges (H' or H;0") at the edges, compared to
ERGOLI in the aqueous medium, since the dielectric constant
was similar for all the electrodes (Figure S4a). They formed
Stern Layers at the surface of the respective electrodes, when
the electrodes were dipped into an aqueous solution. ERGO6
was found to possess a higher charge density compared to the
other two electrodes, with positive charge density being
dominant over negative charge density (Figure S4b). This
made ERGO6 highly protonated (H* /H;0*) and p-type
(positively charged) in solution.

To understand the interfacial charge transfer property of
individual ERGO electrode at the electrolyte interface, we
measured total impedance of each electrode by varying the
frequency of the AC signal at a constant DC potential of 0.1 V.
Figure 2b—d represent the Nyquist plots of ERGO1, ERGO3,
and ERGOG, respectively, before and after exposure to As®".
Each experimentally obtained Nyquist spectrum was fitted with
the impedance spectrum of an equivalent electronic circuit
(inset of Figure 2d). In Nyquist plots, it is seen that each
semicircle has two intercepts to the X-axis, first of which
corresponds to the equivalent series resistance (R;) and the
second one indicates the charge transfer resistance (R). R, is
associated with combined effect of solution conductivity and
bulk electronic property of ERGO while R, is related to charge
transfer kinetics at the ERGO/electrolyte interface. Cl1
corresponds to the space charge capacitance. QI represents
an impedance which is the combination of interfacial
resistances and capacitances of porous electrode material,
and the combination of C2 and R2 constitutes an impedance
representing the bulk diffusion of ions toward the interface of
the electrode and into the porous network of the electrode.
Before the addition of As®" to the electrolyte, an increasing
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Figure 3. (a) LSV response of ERGO6 without and with 1 ppm As**, (b) Chronograms obtained from ion chromatography (IC) measurement
with the solutions obtained after different number of CV cycles and same measurement with standard (STD) As’* solutions of different
concentrations. (c) Interference study performed with several heavy metal ions with ERGOG electrode. Concentration of As®* was fixed at 200 ppb,
while 1 ppm was maintained for interfering ions. (d) Investigation of CA current response of 1 ppm As** spiked in PBS with different ionic
conductivity. We prepared PBS solutions of different conductivity by changing their ionic concentrations and used them further as electrolytes
during CA measurements. (e) CA measurement with different concentrations of As**. (f) Calibration curve showing linearity down to 10 ppb.

trend in R, (90 Q to 104 Q) with increasing electroreduction
time of ERGO samples (ERGO1 to ERGO6) was observed.
However, with an increase in electroreduction time, R, of
ERGO was expected to decrease as the conductivity of the
electrode increased. This anomaly was presumably due to the
accumulation of higher positive surface charge (H*) at the
surface of ERGO (ERGO3 and ERGO6), which increased the
space charge capacitance at the interface of electrodes, between
the current collector and active electrode (Au/ERGO), as well
as between the electrode and electrolyte (ERGO/PBS). These
space charge capacitances tend to increase R,. In presence of
As*, value of R, did not change. This is likely due to
insufficient positive charge accumulation at the surface of
ERGO1, which could not facilitate the electrostatic interaction
between the As(OH); moiety and the ERGOI surface.
However, the presence of higher positive surface charge on
ERGO3 and ERGOG, enabled these electrodes to bind with
As(OH),. Adsorption of As** on ERGO3 and ERGO6
decreased the space charge capacitance, leading to a reduction
in R for both. No significant change in R, even after exposure
of As**, was observed for ERGO1 and ERGO3, whereas a
decrease (from 15 Q to 7 Q) could be seen in the case of
ERGO6. This decrease in R implies that electron transfer
happens at the ERGOG6/electrolyte interface through faradaic
reaction. Impedance spectroscopy results thus reveal that
ERGOG alone is sensitive to As>.

Selectivity and Sensitivity of ERGO6 Electrode
toward As®*. To be considered as a biomimetic electrode
for As®" sensing, an electrode has to exhibit high sensitivity and
selectivity toward As®'. Further, the ionic conductivity and
total dissolved solids (TDS) of the electrolyte medium should
not affect the As®" response of the electrode, for it to be used
in the field. To demonstrate the sensitive and selective
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detection of As** with ERGO6 electrode, we employed
electroanalytical measurements [cyclic voltammetry (CV),
linear sweep voltammetry (LSV) and chronoamperometry
(CA)].

Sensitivity. The sensitivity of the ERGO6 electrode toward
As’" was evaluated by LSV using 1 ppm of As®*.
Corresponding voltammogram showed a peak at 0.1 V (Figure
3a) due to the electro-oxidation of As** at the surface of
ERGO6. CV was performed with all the ERGO electrodes
using same concentration of As®", and only ERGOG6 electrode
responded to As®* (Figure S5). In the CA profile (Figure S6a),
the initial ten data points referred to the CA current measured
with only PBS using ERGO6 electrode, while the next four
cycles showed current response of 70 nA after the addition of 1
ppm of As**. Electrochemical oxidation of As®* into As®* at
ERGOG electrode was confirmed by ion chromatography (IC).
A solution of As®>" was subjected to 50 CV cycles (Figure S6b)
using ERGOG electrode and the resulting solution was used for
IC measurements. This electrochemically reacted As®>* solution
and standard As®* solution showed ionic conductivity at the
same retention time (Figure 3b). Interaction of As®* with
ERGO6 through adsorption was determined by scan rate (v)
dependent CV with 200 ppb As** (Figure S7a). Linear
oxidation peak current as a function of square root v (Figure
S7c) indicated that the adsorption of As®" took place onto the
active sites of ERGO through a diffusion-controlled process.
These surface adsorbed species were oxidized upon application
of an external potential, with the response being linear with
concentration of As** (Figure S7d).

To determine the limit of detection (LOD) of As** by
ERGOG electrode, we performed CA measurements at various
As®* concentrations (starting from 200 to S ppb) in PBS
(Figure 3c). The experiment was repeated thrice using the
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Figure 4. (a) Raman spectra of ERGO6 without (air) and with DI water. (b) Schematic depicts spectro-electrochemical (SPEC) measurement
setup. During SPEC measurements, the Raman objective was focused at the surface of ERGOG6 strips with and without As**-containing DI water on
it and a DC potential of 0.2 V was applied to the electrode. (c) Raman spectra of ERGOL1 in the presence of As** without and with the application
of potential (+ 0.2 V). Gaussian peak fitting was performed on the G bands of Raman spectra of ERGO1 (d) with and (e) without the application
of potential. (f) Raman spectra of ERGOG in the presence of As** without and with application of +0.2 V. Gaussian peak fitting was performed on
the G bands of the Raman spectra of ERGO6 (g) with and (h) without the application of potential. Decrease in the intensity of D’ is marked with a

downward arrow. FTIR spectra of ERGO6 (i) without (purple trace) and

with As** (yellow trace), (j) FTIR spectra of the same strip without As**

(purple trace), with As®* (yellow trace), and after electrochemical oxidation (green trace) to show the changes in OH deformation peak at higher

wavenumber.

same ERGOG strip. We further calculated statistical average of
three sets of measured current, for each concentration of As**,
and plotted them as a function of As®* concentration (Figure
3d). The limit of detection (LOD) was up to 10 ppb within a
standard deviation of 5% and the experiment was highly
reproducible for multiple strips. CV was performed to check
As** response of ERGO6 in field water samples (spiked with 1
ppm As’*) and the response was observed at a different
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potential (+0.18 V). The corresponding voltammogram is
shown in Figure S8a. Figure S8b represents a linear variation in
response current with different As®* dosages spiked into the
same field water and it was recognized that LOD of As®" in
field water was close to 15 ppb.

Selectivity. The ability of ERGOG6 to selectively detect As**
was evaluated by performing CA in the presence of four
potentially interfering metal ions (As**, Cu®", Fe*", and Mn**),
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as these are seen along with As®* commonly in nature. The
measurement was carried out at +0.1 V with 200 ppb of As®* in
PBS. Individual concentrations of these interfering ions were
kept S times higher (1 ppm). Current response was observed
only with As®* (Figure 3e), confirming the high specificity of
ERGOG6 toward As®*. Selective As®* response exhibited by
ERGOG6 electrode was also tested by measuring CV in the
presence of cations (As>*, Fe?*, Cu®*, Mn**, Ca**, Na*, K*, and
Mg") and anions (SO,*~, NO;~, CI", and F~) common in field
conditions and the potential window was kept fixed between
—0.4 to +0.4 V for all ions. No peak was observed in the
voltammograms for either of these ions (Figure S$9),
establishing the electrochemical inertness of ERGOG6 to the
aforementioned ions within this potential window. However,
the presence of Cl” in water passivates the electrode surface,
which caused the oxidation potential of As** to shift to a higher
value (+0.18 V). Moreover, this CI~ passivation reduced the
response current of 1 ppm As® (from 70 to 60 nA) in field
water.

lonic Conductivity. Having established that ERGO6 is
highly sensitive and selective to As*, we set out to explore the
effect of ionic conductivity on the sensitivity. In the first set of
experiments, PBS solutions of different conductivities prepared
in Milli-Q water were used as electrolytes during CA
measurements (Figure 3f). Three sets of CA scans were
carried out for each of the PBS solutions spiked with 1 ppm of
As®*. It was observed that As®* response was independent of
ionic conductivity of the electrolyte solution (within 5% of
standard deviation).

In the second set of experiments, we carried out CA
measurements with field water samples having different
conductivity and TDS (total dissolved solids) levels, keeping
the real-world application of our electrode in mind. The
amplitude of the ionic current response for all these field
samples was similar (Figure S10). Arsenic response of ERGO6
strip was also tested in the field water samples by spiking these
with 1 ppm As*. It was noticed that the current responses for
1 ppm As*" in these different field samples were close to that in
PBS. As the As* response of ERGOG6 electrodes remain
practically unaffected by TDS and the conductivity of the field
samples, these are suitable for CA-based As*" sensing.

Spectroscopic understanding of the interaction of
ERGO with As**. Raman measurements. Electrochemical
measurements indicated that specific interactions drive the
selective binding of As®* with the ERGO surface when it was
exposed to As’*-contaminated water in the presence of
different ions. We used Raman spectroscopy to understand
the As®* interaction with in-plane (sp?) and out-of-plane (sp°)
carbons of ERGO. Raman spectra of pristine a ERGO6
electrode (Figure 4a) in air (cyan trace) exhibited two
characteristic features at 1325 (D band) and 1590 cm™ (G
band). The origin of D and G bands is well established in the
literature.”®*° In brief, the D band originated from the
structural imperfections due to the existence of large number
of functional groups (hydroxyl and epoxides) on the basal
plane of sp* carbon, while the G band was due to first-order
scattering of the E,; vibrational mode of sp>-bonded carbon
atoms. The Raman intensity of the D band was slightly higher
than that of the G band, resulting from the sp’-hybridized
bonds. In the presence of DI water (purple trace), the G band
was shifted to a higher wavenumber (1610 cm™) due to the
spectral overlap of G band of ERGO with the bending mode of
H—OH (1635 cm™) of adsorbed water. To confirm this, we

performed Z-scan-dependent confocal Raman spectroscopy
measurement in the presence of DI water from an ERGO6
electrode (Figure S11). At Z = 0, the Raman objective was
focused on the surface of ERGO6, while at highest Z (Z = 400
um), the objective was focused at bulk DI water. When Z was
increased, the signal became weak and the G band shifted to a
higher wavenumber. At maximum Z, both D and G bands
diminished and the bending mode of H—OH appeared at 1635
em™

The G band of ERGO6 electrode (with and without DI
water) was deconvoluted and fitted to be composed of three
Gaussian peaks (Figure S12). Among these three fitted peaks,
the first peak (D’’) at 1572 cm™ corresponds to the
amorphous phase of carbon.’’ The second peak (G),
positioned at 1590 cm™, is due to the in-plane vibration of
sp> carbon (C=C). The third peak (D’, at 1620 cm™") is
associated with structural defects or the presence of sp*
clusters/smaller sheets (as seen in the FESEM images) in
the basal plane of ERGO.*"*!

To probe As** binding to the electrode surface and its
subsequent oxidation upon application of DC potential in situ,
we designed a spectro-electrochemical (SPEC) measurement.
Figure 4b represents a schematic illustration of the SPEC
measurement setup. The objective lens of the Raman
microscope was focused on the electrode to monitor the
spectroscopic changes. Raman spectra were collected from
ERGO! and ERGOG in the presence of As**-contaminated
water for a comparative study, with and without an externally
applied DC potential (oxidation potential of As**). Application
of potential did not show any spectral changes in the presence
of DI water for either of these electrodes (Figure S13). Spectral
changes were not observed even in the presence of As*'-
contaminated water for ERGO]1, before and after application of
potential (Figure 4c). The fitted peaks of the G band remained
unchanged in their shape and intensity (Figure 4d, e). No
change in current in the CA profile (red trace, Figure S14)
during SPEC measurement was observed as well. These
indicated that As®* did not oxidize at the surface of ERGOL.
On the other hand, changes in the G band could be clearly
observed for ERGOG, after application of potential (Figure 4f).
Analysis of deconvoluted peaks of G band showed a decrease
in the intensity of D’ (marked with a downward arrow) peak
upon application of potential (Figure 4¢, h). Some of the sp*
carbon atoms at the edges of nanosheets of ERGO6 gain
partial sp® character due to adsorption of As**. Upon
application of potential, this bound As** was released into
the solution as As®* and the said C atoms gain their sp*
character back, resulting in a decrease in the intensity of D’
peak. This was concurrent with an increase in CA current
(green trace, Figure S14). ERGOG6 electrode was washed with
DI water and SPEC measurements were repeated with the
same electrode to ensure the reproducibility.

This confirmed that active sites of the electrode surface were
regenerated after electrochemical sensing measurements.
Furthermore, ERGOG6 electrode showed excellent stability
(Figure S15), and the As*" response did not deteriorate at high
temperature (50 °C) and high humidity (80% RH) conditions.

We carried out further SPEC experiments to check for
spectral changes at different potentials (from 0 to +0.5 V) and
found that the intensity of the D’ peak was reduced only at
+0.2 V (Figure S16). Changes in the SPEC features of an
ERGOG6 electrode was also explored for a few interfering ions
(Cu*, As™*, Fe**, Mn®"). Spectral changes were not observed
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Figure S. Suggested mechanism for oxidation of As(OH); by interaction with the COOH1 and OH1 groups of ERGO. The initial configuration is
shown as (a) the structure of isomer 2 and (b) a close-up view of isomer 2 at the active sites COOH1 and OHI. The steps of the mechanism are
shown at the active sites in c—g, with the four steps being (c) approach of arsenite As(OH)5, its deprotonation (to the solvent) to form H,AsO;'~
and electron transfer to ERGO (step 1); (d) covalent binding (step 2) to the C(COOHL) site, which is converted from sp® to an unsaturated sp’
bonding configuration; (e) regeneration intermediate formed by binding of O from an OH edge group to the C(COOHL1) site (step 3); (f)

detachment of H,AsO,'~

and reconversion of sp® to sp> C(COOH1) as C—O is converted to C=O (step 4), with (g) replanarization and

reorientation of the COOH group and the conversion of the edge COH group to CH in the final step. In the close-up views in b—g, only the atoms
in the active region are shown based on a cutout cluster model of the initial configuration of isomer 2, and the viewing direction has been inverted
for clarity. All structures have been optimized using the Universal Force Field. The color scheme followed for the atomic spheres is red for O, cyan

for C, white for H, and purple for arsenic.>"

for any of these individual interfering ions, while a response for
As** could be detected even from a solution containing all
(Figure S17).

FTIR Measurements. To identify the specific binding sites
(arrangement of functional groups) of ERGO6 responsible for
its exclusive attachment with As®>*, FTIR measurements with
and without As®* were carried out. Characteristic bands related
to C—O (epoxy at 950 cm™"), C—O (alkoxy at 1055 cm™"),
C—0-C (at 1230 cm™"), and C—OH (at 1430 cm™") present
along with carboxylic acid and carbonyl moieties on ERGO
sheets (Figure 4i). The stretching vibration of C=0 at 1720

!, the C—O (epoxy) stretching vibration at 980 cm™', and
the C—O (alkoxy) stretching peak at 1055 cm™' were
observed.”” "** A shoulder peak was noticed at 1580 cm™,
associated with the asymmetric stretching of sp* hybridized
C=C.*" The out-of-plane OH bending frequency occurred at
~600 cm™!, while an O—H deformation peak was seen at
~1430 cm™". The vibrational features at 2850 and 2915 cm™
are due to the asymmetric and symmetric CH, stretching of
ERGO, respectively (Figure 4j).

Upon As®* [As(OH),] binding, two prominent spectral
changes were noticed. An increase in the intensity of O—H
deformation peak and OH bending mode was observed.
Second, the stretching frequency of C=O at 1720 cm™'
diminished selectively (Figure 4i). Enhancement in the
intensity of OH stretching frequency of ERGO6 at ~3380
cm™" was also evident upon As®* exposure and reverted back
upon application of potential (Figure 4j). To ascertain that the
As** ions were chemically bound onto the ERGO surface, we
collected IR spectra from an ERGO6 electrode in steps: (i)
pristine electrode, (ii) treatment with As®* solution and drying,
(iii) thorough washing with DI water and drying, and (iv) after
electrochemical CA measurement at 0.2 V (Figure S18a).
Disappearance of the peak at 1720 cm™" upon exposure points
to interaction of the As®" species to the COOH group and
conversion of C=O bond into a single bond. This was
explored through DFT calculation (discussed later). Vigorous
washing of the strip with DI water did not bring peak at 1720
cm ™! back, confirming As** ions were chemically bound to the
surface of ERGO. Electrochemical oxidation at +0.2 V, do,
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however, brought the peak at 1720 cm™! back and the IR
spectrum resembles that of pristine ERGO6. The electrode was
regenerated at this step as oxidized species (HAsO,'”) was
released into the solution. Disappearance of the C=0O peak
was not observed upon interaction of other interfering ions
with the ERGOG6 electrode (mixture of As’*, Cu®', Fe®*
Mn?"). In the presence of As®* along with the interfering ions,
C=0 peak disappeared while the signal corresponding to C—
OH became prominent (Figure S18b). However, ERGO1 did
not exhibit similar spectral changes upon exposure to As®*
(Figure S18c).

Understanding of Molecular Interactions between
As** and ERGO from DFT Calculations. Binding of As**
and other analyte species in the proximity of the ERGO
electrode along with the oxidation mechanism of As®* was
investigated by density-functional theory (DFT) calculations.
Details of our computational methodology can be found in
Figures S21-S23. We first studied the binding of neutral
As(OH)j; species as this was indicated by the Pourbaix diagram
to be the prevalent species, at pH ~7. Similar binding
configurations for other arsenite species such the negative ion
H,AsO;" are expected, as their structures are very similar. In
addition to isotropic noncovalent interactions such as van der
Waals binding and Coulombic interactions, directional non-
covalent interactions such as hydrogen bonding and weak
As*—OH™ interactions were primarily responsible for the
binding and orientation of the arsenite molecule to the
epoxide, COOH, and OH groups of ERGO. We obtained six
lowest-energy isomers, isomers 1 to 6, for the arsenite-ERGO
adduct from our DFT geometry optimizations, where binding
occurs at different sites of ERGO and these geometries can be
visualized in Figure S22. The details of the binding site,
number and type of bonding interaction, and bonding
distances, as well as their total and relative energies with
respect to the lowest energy isomer 1, are provided in Table
S4. We found that the most stable isomer 1 was at the surface
position with As(OH); making two hydrogen bonds, one to an
epoxide group (EP1) O atom and the other to an O atom of a
surface OH group (OH2), marked with dashed lines. A third,
but weaker interaction occurs between the electropositive As
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atom and an O atom of another surface OH group of ERGO
(dotted line). The bond lengths of the hydrogen bonds were
1.91 A with the hydroxyl group (OH2), 1.88 A with the
epoxide group (EP1), and that of the As"*—OH~ (OH4)
interaction at 2.55 A. In addition, the delocalized 7-electron
system of graphenic areas of the ERGO surface strongly
interact through an electrostatic attraction with the partially
positive As atom, increasing the binding strength at the surface
position. Our lowest-energy isomer binding site at the surface
agrees with the study of Reynosa-Martinez et al,,* in which the
graphenic-surface site binding energy was found to be the
lowest, followed by edge or surface hydroxyl and epoxide
groups, although COOH groups were not considered in their
models.

The next-lowest-energy isomer has As(OH); near an OH
group (OH1) sandwiched between two neighboring COOH
groups, COOH1 and COOH2, in an edge position (Figure Sa
and Figure S22b). The relative energy to the lowest isomer is
0.17 eV and binding occurs via three hydrogen bonds to the
COOHI and COOH?2 groups (dashed lines) and an As*—
OH" interaction with the OHI (dotted line), with bond
lengths shown in Table S4. Isomer 3, with relative energy of
0.21 eV, the As(OH), is bonded by two hydrogen bonds to the
COOHI1 group. Isomers 4 and 5, possess higher relative-
energy (0.4—0.5 eV) and involve only one hydrogen bond
between As(OH); and COOHI1 group, and an edge lactone
(COC1) group, respectively. Lastly, isomer 6 involves only a
weak As"—OH~ interaction with an edge hydroxyl (OH?7)
group, without any hydrogen bonding with higher relative
energy of 0.65 eV compared to isomer 1. The stability of the
ERGO-As(OH), isomers in the edge position was found to
increase with the number of hydrogen bonding interactions
with COOH (see Table S4) and weak As*—OH" interactions.
From our starting configurations for isomers 1 to 6, after local
minimization of the potential energy surface, we found only
noncovalent binding modes of arsenite are accessible in our
calculations. However, direct covalent binding of arsenic to
oxygen has been observed experimentally in the interaction of
arsenite [As(OH);] with the COOH and OH functional
groups present in natural organic matter (NOM) by X-ray
absorption fine structure spectroscopy. Presence of As—O—C
bond, forming between arsenite and the oxygen atoms in the
functional groups, was seen. This binding is thought to occur
via a ligand-exchange reaction involving the displacement of
one of the arsenite OH ligands into the aqueous solvent by the
ketone or hydroxyl group O atom, hence, the As center
remains triply coordinated with O atoms.*® Since the COOH
and OH functional groups of NOM are also found in ERGO, it
is possible that covalent binding of arsenite to the COOH
group of ERGO could also occur, as shown in the structure
presented in Figure S21, which we also verified to be stable
using DFT. The stability of As—O(COOH) bonding and its
identification in NOM, which has similar functional groups to
ERGO, supports the possibility of As covalently binding to a
ketone O atom during the oxidation mechanism.

Our experiments also show that the arsenite oxidation
mechanism involves structural changes (IR spectrum) and
preferably occurs at COOH sites with some binding to OH
groups. Since the binding of As(OH); preferentially occurs at
ERGO surface sites, and the second site preference is at the
edge sites with COOH moieties, the question arises as to why
the less energetically favorable edge sites are preferred for
oxidation. Surface epoxide and hydroxyl groups are associated

with higher energy barriers which would arise in the
mechanism during the covalent binding of the epoxide or
hydroxyl O atom to arsenite to form and its subsequent
detachment to form arsenate. Higher energy barriers are
associated with the detachment of oxygen atoms from ERGO
surface-bonded OH and epoxide functional groups, as these
are both strongly covalently bonded to the carbon atoms and
are subject to stronger noncovalent interactions with the
graphenic surface of ERGO. A further energy barrier that may
exist during the release of As®* species into the solution from
the surface of ERGO is due to the stronger electrostatic and
van der Waals interactions of As®* species with the surface and
any steric hindrance from the stacked sheets of ERGO. On the
other hand, one would expect much lower energy barriers in
mechanistic pathways involving the edge sites. Our proposed
mechanism involves the oxidation of arsenite by the ketone
oxygen which cleaves to form the arsenate species.

We may conceive the oxidation mechanism to be occurring
in four stages: (1) approach of As®" to edge functional groups
of ERGO, (2) covalent binding interaction of As with a ketone
O atom and formation of the four-coordinated As metastable
intermediate, (3) regeneration of COOH by binding of a
nearby hydroxyl O atom to a COOH carbon atom, and (4)
detachment of As>* from ERGO and release into the solution.
A possible mechanistic pathway beginning from an edge site
configuration of COOHI1 and OH1 of isomer 2 is depicted in
the active site region (Figure Sb-Sg). The conversion of As** to
As’* involves the binding of an additional O atom to As which
originates from the electron-rich nucleophilic ketone on the
edges of graphene oxide. After a 2¢~ electron transfer from As®*
in the vicinity of a COOH group, as shown in Figure Sc, highly
electropositive As atom would be strongly electrostatically
attracted to the electrons of the lone-pair O 2p orbitals and
electron-rich double bond of the ketone O atom. This would
facilitate the reorientation of the As’* intermediate and the
formation of an As—O (ketone) covalent bond to form the
four-coordinated As center as shown in step 2 in Figure 5d. In
step 3, the carbon atom of the COOH group would be
converted to sp® and a neighboring hydroxyl oxygen would
bind as a C(COOH)—O—C(OH) bridge, as seen in Figure Se.
In step 4, the H,AsO, structural unit would detach with the
former ketone O atom, and would be released into the solution
as H)AsO,", leaving the COOH group intact and with the loss
of an O atom from an edge hydroxyl group from ERGO
(Figure 5f, g). The mechanism described is consistent with the
changes observed in the IR spectra at the COOH and OH
functional groups and the overall reaction is a transfer of an O
atom from ERGO to As>* to form As™, and a transfer of 2¢~
from As®** to ERGO. The same mechanism with the entire GO
sheet is presented in Figure S28. In the case of the structure
shown in Figure S23, where As(OH); is initially covalently
bonded to a COOH or OH group, a similar mechanism may
also occur but it would begin at step 2 (Figure Sc).

The mechanism proposed depends on the proximity of the
COOH and OH group, and several studies indicate that there
is a tendency for clustering of functional groups, or oxygen
atoms, in rGO or ERGO which supports the mechanism."” In
the case that the COOH group is more isolated, a slightly more
distant OH group may migrate by diffusive site-to-site hopping
along either from the edges or surface of ERGO, by a thermal
and potential-driven process,**’ to regenerate the COOH
group in the final step of the mechanism.”” In the absence of
nearby COOH and OH groups, the regeneration of COOH
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Figure 6. Donor—acceptor energy-level difference diagram for the ERGO LUMO acceptor level and the analyte ions’ HOMO donor levels
computed using DFT. The value of the donor—acceptor energy-level difference, AEp,= Eyyomo(Analyte) — E; jyo(ERGO(6))* is shown below the
energy level for each ion. Lower positive values of AEy,, indicate higher selectivity, hence, the unique sensitivity and selectivity toward As*" with
AEp, = 0.01 eV. The donor analyte levels of As and Mn lie in the selectivity window of AEp, of 0 to 3 eV, in which resonant charge transport
occurs from these analyte ions to ERGO, and is shown by the central blue-shaded region. The other analyte anions and cation donor levels lie in
the nonselective region (red-shaded background) having larger and negative values of AE,, respectively. The color scheme followed for the atomic
spheres is red for O, cyan for C, white for H, purple for As, magenta for Mn, orange for Fe, gold for Cu, brown for P, yellow for S, and blue for N.

group may not be possible and the bound As®* species may
detach from the O atom of the COOH group and recover its
original structural and electronic configuration in the solution
in order to stabilize the COOH group.

The binding of other analyte species to ERGO, COOH
groups of isomer 2 was tested and several analytes (Fe**, Cu*,
Mn?, As™, SO,27, HPO,, H,P0O,>", NO;", etc.) were found
to be able to bind as strongly as arsenite using hydrogen
bonding (see optimized structures in Figures S24 to S27 and
binding energies in Table SS). Hence, the ion selectivity
cannot be explained based on differences in the binding
energies of different analytes to ERGO. The compact XY;
pyramidal shape and three-coordinated As center of arsenite
make it sterically more feasible, compared to the other ions,
which have higher coordination numbers of four or more
(apart from nitrate), to engage in inner-sphere bonding with O
atoms of COOH groups. We probed the ion-selectivity
mechanism occurring via electron transfer from analyte ions
to ERGO, by conducting an energy-level analysis of ERGO
and analyte ions based on DFT calculations of the frontier-
orbital energies. The details of our method are given in section
S22. According to electron-transfer theory, electron transfer
occurs from the HOMO of the donor analyte molecule, when
it is above the LUMO of the acceptor, ERGO". However, in
biomolecules such as proteins and enzymes, such as the
biomimicking arsenic oxidase (AiO) enzyme, electron transfer
generally occurs over longer ranges, and may be attributed to a
tunneling electron transfer process, which is equivalently
known as “on-resonance” charge transfer.”” Similar resonant
charge-transfer processes are also found to occur in molecular
junctions when the electrode and frontier orbitals are
aligned.>

Similarly, in the initial steps of the mechanism, the ERGO
electrode would be involved in noncovalent binding
interactions with the analyte, and hence a similar tunneling
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electron transport process may be expected to occur from the
solvated analyte species, when they are within a range of ~0.5
nm, or weakly bound to the ERGO electrode, which leads to
the binding of the analyte in an intermediate step.

Subsequently, as already described in our suggested
mechanism, inner-sphere structural changes involving the
oxidation of the molecular analyte and the further reduction
of the ERGO may occur.

In resonant charge transfer processes, the alignment and
proximity of the donor and acceptor levels is the main criterion
for charge transfer to occur by tunneling, and the degree of
alignment is given by energy difference, between the donor
level and the acceptor level, AEp, = Eyomo(Analyte) —
E umo(ERGO"). For close energy levels, termed “on-
resonance”, corresponding to smaller values of AEp,,, resonant
tunneling will lead to enhanced electron transport kinetics. The
energy-level diagram of relative positions of donor levels of the
analyte ions and acceptor level ERGO" model is shown in
Figure 6 and the values are tabulated in Table S7. The values
of AEp, computed using DFT, show that the As>* (AEp, =
0.01 V) and Mn** (AEp, = 2.84 eV) ions are found to lie
closer and just above the acceptor level of ERGO compared
with all the other cations and ions. This suggests that ion-
selectivity mechanism is mediated by the occurrence resonant
charge-transport which leads to the electron transfer which
initiates the oxidation mechanism, when donor and acceptor
levels are close in energy with a small AEp,,, or “on-resonance”.
We may define an ion-selectivity window based on the
observed correspondence between selectivity indicate by the
calculations and experimental results, as the energy region, 0 <
AEp, < 3 €V, indicated by the central blue shaded band in
Figure 6 encloses the levels of As** and Mn?".>* It is seen in
Figure 6 that donor HOMO energy levels of all the other
analyte ions, which are not found to be selective in experiment,
also lie outside the selectivity window in the nonselective
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region indicated by red shading in Figure 6, corresponding to
AEp, either less than zero or above 3 eV. This nonselective
region where HOMO levels of the analyte ions are further
away in energy from the LUMO of ERGO" and are “off-
resonance” so that resonant charge transport does not occur.
Remarkably, out of all the analyte species considered, the
HOMO donor level of arsenite, As(OH),, is found to be the
closest and slightly above (AEp, = +0.01 €V) to the LUMO
acceptor level of ERGO" for all the different types of ERGO*
models (rectangular sheet model 1, model 2, and hexagonal
flake model 3), which explains the unique selectivity and high
sensitivity of the sensor toward As®*. The next closest donor
level is Mn at AEp, = 2.84 eV, which also detectable but at
different potential (0.35 V), which leads to “on-resonance”
electron transfer for both As** and Mn®* ions, at their
respective electrode potentials. Furthermore, it is seen that the
HOMO levels of the Fe** and Cu®' lie further below the
LUMO of ERGO6" with AEp,=-3.57 eV and —14.6 eV,
respectively, and are off-resonance and also energetically
unfavorable as AEp, < 0. Finally, for the anionic species,
although their donor levels lie above the ERGO™ acceptor level
satisfying the energetic-favorability condition (AEp, > 0), their
HOMO donor levels are in the higher-energy range, i.e., “off-
resonance” with AEp, > 5 eV) and most lie above AEp, value
of 12 eV, so resonant charge transfer does not occur.
Furthermore, it is also found that when the neutral ERGO
models are used, their LUMO levels are much higher at 3.71—
3.51 eV and further away from the arsenite HOMO level (see
Table S6), hence, the positive surface charge density of
ERGOG is also a necessary factor in the selectivity and electron
transfer mechanism. Thus, the high selectivity and sensitivity to
As*, and also to Mn>" at a different potential, and also the
nonselectivity to Fe**, Cu**, HPO,”, As>*, H,PO,*>", SO,*,
and NO;7, is attributed to a resonant charge transfer effect
similar to that found in molecular junctions and bionanoelec-
tronic systems.

B CONCLUSION

Electrochemically reduced graphene oxide (ERGO) with
modified electronic properties and functionalities prepared
through controlled electro-reduction of its functional groups
exhibits highly sensitive and selective As®* sensing in water
samples down to 10 ppb. The chronoamperometric response
of ERGO with As®* was independent of the ionic conductivity
of the electrolyte. The biomimicking activity of the electrode
was manifested through several analytical and spectroscopy
measurements. Spectroelectrochemical measurements con-
firmed that sensing mechanism of As** involved two processes:
selective adsorption of As®* by the acid functional groups of
ERGO and the subsequent electro-oxidation of As®>* ion on the
surface of ERGO upon application of a potential. The compact
pyramidal shape of As®* and the possibility of forming a four-
coordinated As>* species make it a more suitable candidate
among various analytes to undergo oxidation with concomitant
structural changes at an ERGO COOH functional group. DFT
calculations showed that noncovalent directional hydrogen
bonding and weaker As*—O~ interactions are involved in the
initial mechanistic steps of binding of As" jons to ERGO, prior
to electron transfer and binding to the ketone O atom of the
COOH group. Subsequently, As** species are formed, which
are released into the solution with regeneration of the COOH
group, by the addition of oxygen atoms from the neighboring
OH functional groups. The origin of unique selectivity and

sensitivity of the sensor toward As** was understood by an
energy-level correlation analysis of the analyte species and
models of ERGO. The computed energy-level diagram showed
an almost perfect matching of the donor HOMO level of As**
and the LUMO acceptor level of the positively charged ERGO
model, which is not the case for any of the other analyte ions
considered. Based on this, a resonant charge-transfer
mechanism is proposed to explain the selectivity, similar to
that found in electronic transport in bionanoelectronic systems
and molecular junctions. Thus, the surface of ERGO exhibits
enzyme-like selective sensing mechanism for As*, similar to
the arsenite oxidase enzyme. Hence, this electrode can be a
potential candidate for arsenic sensing with excellent selectivity
and sensitivity.
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