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chemical and sensing
characteristics of a RexOy based pH sensor at low
post-deposition annealing temperature†

Munmun Das,a Titisha Chakraborty,a Kin Fong Lei, b Chan Yu Linc

and Chyuan Haur Kao *acde

pH monitoring in clinical assessment is pivotal as pH imbalance significantly influences the physiological

and extracellular functions of the human body. Metal oxide based pH sensors, a promising alternative to

bulky pH electrodes, mostly require complex fabrication, high-temperature post-deposition treatment,

and high expenses that inhibit their practical applicability. So, there is still room to develop

a straightforward and cost-effective metal oxide based pH sensor comprising high sensitivity and

reliability. In this report, a novel solution-processed and low-temperature annealed (220 �C) mixed-

valence (VII/VI) oxide of rhenium (RexOy) was applied in an electrolyte–insulator–semiconductor (EIS)

structure. The annealing effect on morphological, structural, and compositional properties was

scrutinized by physical and chemical characterizations. The post-annealed RexOy exhibited a high pH

sensitivity (57.3 mV pH�1, R2 ¼ 0.99), a lower hysteresis (4.7 mV), and a reduced drift rate (1.7 mV h�1)

compared to the as-prepared sample for an analytically acceptable pH range (2–12) along with good

stability and reproducibility. The magnified sensing performance originated due to the valence state of

Re from Re6+ to Re7+ attributed to each electron transfer for a single H+ ion. The device showed high

selectivity for H+ ions, which was confirmed by the interference study with other relevant ions. The

feasibility of the sensor was verified by measuring the device in real samples. Hence, the ease-of-

fabrication and notable sensing performance of the proposed sensor endorsed its implementation for

diagnosing pH-related diseases.
Introduction

pH (potential of hydrogen) recognition is fundamental in
several disciplines, including environmental science, chemical
engineering, food science, medicine, and clinical diagnosis, as
pH modulates the chemical reactions of the reactant species.1

However, the demand for pH detection tools for clinical diag-
nosis is increasing swily as most biological processes require
maintaining a normal pH range (pH 7.2–pH 7.4).2,3 There are
extracellular and intracellular buffer systems in the human
body that control uid pH variation.4 The most crucial buffer
system is the bicarbonate/carbon dioxide (HCO3�/CO2) system,
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involving the acid and base loads regulated by the kidney and
lungs, respectively.5 An acid–base imbalance of body uid may
indicate the occurrence of renal stone, osteoporosis, metabolic
syndrome, muscle wasting, gastrointestinal uid loss, Gitelman
syndrome, and Bartter syndrome.6 Hence, efficient detection of
the pH of human body uids is a prime requirement for diag-
nosing relevant health issues.

The existing pH sensing methods include colorimetric,7

uorescence,8 a combination of colorimetric and uorescence,9

electrochemical10 and eld effect transistor (FET) based tech-
niques.11 Despite high sensitivity and selectivity, colorimetric
and uorescence suffer challenges arising from photobleaching,
dye leaching, dependence on ionic strength of the sample,
higher cost, and hardware complications.12 Electrochemical
sensors avoid using dye or any external label, but they involve
complicated electrode structures. For example, Oliveira et al.
applied layer-by-layer lms of polyaniline–gum arabic nano-
composite (PANI–GA) and graphene oxide (GO) for electro-
chemical pH detection.13 Polyaniline thin lm deposited on the
exible substrate polyethylene terephthalate coated with indium
tin oxide was explored as a pH sensing electrode in a report by
Mazzara et al.14 In contrast, the eld effect transistor-based
technique is the most common approach due to fabrication
© 2022 The Author(s). Published by the Royal Society of Chemistry
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simplicity, miniaturization, faster response time, good mechan-
ical strength, and cost-friendliness.11 Bergveld rst demonstrated
the ion-sensitive eld effect transistors (ISFET) based sensor,
replacing the gate electrode of a metal oxide semiconductor
(MOSFET) with the electrolyte, which became the most popular
eld effect based sensor with time.15 The ISFET without source
and drain represents the electrolyte–insulator–semiconductor
(EIS) framework with a more straightforward fabrication
process.16 The sensing parameters (sensitivity, reliability, and
stability) are calculated by analyzing the capacitance–voltage (C–
V) measurement, which depends on different operational
metrics, such as surface charge, threshold voltage, at-band
voltage, Fermi level, and carrier concentration.17

EIS sensors using micro or nanostructured metal oxide
materials have been extensively studied in biosensing applica-
tions due to their superior sensing performance. Several metal-
oxides, including SnO2, IrO2–rGO, RuO2–Ta2O5, and CeO2,
endure excellent pH sensing features.18 In addition, EIS-based pH
sensors using various insulating lms, like Al2O3, Ta2O5, and
HfO2 with high dielectric constants (high k), have drawn attention
due to their high charge transfer kinetics.19 However, their
sensing performance largely depends on the surfacemorphology,
uniformity, and crystallinity. To obtain the optimum sensing
surface microstructure, complicated fabrication methods (elec-
trodeposition, sputtering, and screen printing) and high-
temperature post-synthesis annealing treatments are accom-
plished, leading to high resource and energy expenditure. But, it
is well known that the high-temperature annealing treatment
originates the silicate or silicide formation at the oxide and
silicon substrate interface, causing their electrical response
deterioration. To overcome this issue, there is an upsurge to
explore pertinent sensing materials that need mild-temperature
annealing treatment for their optimized sensing characteristics.

The challenges regarding the complex deposition method
and higher energy consumption of traditional metal oxide
based EIS sensors can be overcome by applying RexOy as
a sensing membrane. Re, a rare-earth transition metal, owns
a wide range of oxidation states (�3 to +7). Re(VII) oxide is the
most chemically stable state among all other oxide forms of
Re.20 It shows a polymeric crystallographic arrangement with
van der Waals interaction between oxygen atoms resulting in
a large surface area with cleavages, which is highly suitable for
sensing applications.21 Moreover, low melting point (225 �C)
and low-temperature crystallization facilitate low-temperature
applications of the material.22 Various compounds of Re,
including alloys, suldes, and oxides, are applied as catalysts in
radiotherapy, petroleum industry, and other organic material
syntheses.23 However, RexOy as a sensing membrane in EIS
structure has not been explored previously, as far as we know.

In this report, RexOywas employed as the sensing membrane
to estimate pH in the electrolyte solution by EIS measurement.
The solution-processed RexOy was annealed at 220 �C in oxygen
(O2) ambient to fulll the defects, minimize the impurities, and
enhance the surface properties. The surface morphology, crys-
tallinity, and structural composition were evaluated by eld
emission scanning electron microscopy (FESEM), atomic force
microscopy (AFM), X-ray diffraction (XRD), and X-ray
© 2022 The Author(s). Published by the Royal Society of Chemistry
photoelectron spectroscopy (XPS). The sensitivity, hysteresis,
dri, and anti-interference performance of annealed RexOywere
compared to the as-prepared RexOy. Under optimized condi-
tions, the reproducibility and stability of the proposed sensor
were evaluated. The practical applicability of the sensing
performance of RexOy based EIS sensor in human serum was
authenticated by a commercially available pH meter.

Experimental
Chemicals and reagents

Ethanol, lactic acid, rhenium(VII) oxide 99.99% trace metal
basis, hydrouoric (HF) acid, sodium hydroxide (NaOH),
sodium chloride (NaCl) 0.1 M, potassium (KCl) 0.1 M, magne-
sium chloride (MgCl2) 0.1 M, calcium chloride (CaCl2) 0.1 M,
human serum normal, epoxy AB (PDMS) were purchased from
Sigma Aldrich (united states). pH 2–pH 12 solutions were
bought from Honeywell. Deionized (DI) water was accessed
from the Millipore Milli-Q plus 185 purication system with
a resistivity of 18.2 MU.

Instruments used for physical and electrical characterization

To elucidate the surface morphology of RexOy lm, FESEM
images were obtained by a JEOL JSM 7500F (Japan) with a 5 kV
operating voltage. The surface roughness of the lms was inves-
tigated by a Veeco D5000 AFM (United States) instrument using
a tapping method with a Si cantilever probe. The crystalline
properties and phases were interpreted by XRD characterization
using Rigaku D/MAX2000 (Japan) with a Cu Ka (1.54176�A). The
XPS analysis for compositional investigation was obtained by
a PHI 5800 ESCA (Japan) XPS system where monochromated Al
Ka X-ray (1486.6 eV) with a spot diameter of 100 mmwas used. The
binding energies of all XPS spectra were calibrated with respect to
carbon (C) 1s peak at 284.8 eV. The Gaussian–Lorentzian function
was used for line contour tting, and Shirley background
subtraction was used for peak tting due to its ease of use.

The C–V characterization of the RexOy based sensor in the
electrolytes was obtained by an HP 4284A LCR meter (United
States) at the operating frequency of 500 Hz. A silver/silver
chloride (Ag/AgCl) was used as a reference electrode. All the
measurements were conducted inside a black box to avoid the
undesired interference of light.

Preparation of RexOy solution

An estimated amount of as-purchased dirhenium heptoxide
precursor powder, 99.99% trace metal base, was dissolved into
ethanol, maintaining the concentration to 0.1 M. The solution
was stirred using a magnetic stirrer for 1 h at 40 �C. Lactic acid
was added to the solution dropwise to stabilize the solution for
a long time. The colloidal solution was stored at room
temperature and kept unperturbed for 2 days to achieve
optimum stability and uniformity.

Preparation of sensing lm

p-Type silicon (Si), selected as the substrate due to its low work
function and good adhesion to oxide thin lm,24 was cleaned by
RSC Adv., 2022, 12, 13774–13782 | 13775
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immersing in hydrouoric acid (HF) : DI water ¼ 1 : 100 solu-
tion to remove the native SiO2 from the surface. The Si substrate
was treated in a drying oven at 100 �C for 10 minutes to remove
the surface water. The substrate was made hydrophilic by
treating it with oxygen (O2) plasma for 5 min. Aer performing
the necessary pre-treatments, the Si substrate was coated by the
prepared RexOy solution by a spin-coater (Top Tech, Taiwan)
with a speed of 2500 rpm for 30 s and then heated at 100 �C for
10 min to remove the organic impurities. The thickness of the
lm measured by a J. A. Woollam Spectroscopic Ellipsometer
(United States) was nearly 50 nm. The as-prepared sample was
inserted inside the furnace (Shimadzu, Taiwan) at 220 �C in an
O2 ambient for 12 min to obtain the annealed sample. A 300 nm
thick aluminum (Al) was deposited using a thermal evaporator
(LJ-UHV Technology Co., Ltd., Taiwan) at the back of the as-
prepared and annealed sample to make the back contact.

Sensing device fabrication

The sensing lms were mounted on a copper printed circuit
board (Cu PCB) with conductive silver gel. A circular opening
with a 1 mm diameter was drawn on the sensing surface by
resin dispensed by a robotic arm to dene the sensing window.
The sensing chip leaving the circular sensing window was
covered by polydimethylsiloxane (PDMS) to prevent unwanted
interaction with the analyte. Fabrication of the RexOy based EIS
sensing device was shown in Fig. 1.

Results and discussion
Morphological, stoichiometric, and structural
characterization of the sensing lm

Since the surface texture and material distribution highly
impact the sensing performance of a lm, morphological
analysis is crucial. The surface morphology of the as-prepared
and annealed RexOy was visualized by FESEM images shown
in Fig. 2. A nearly smooth surface with no signicant grain
Fig. 1 Schematic representation of fabrication and measurement of Rex

13776 | RSC Adv., 2022, 12, 13774–13782
growth was observed in the as-prepared sample (Fig. 2(a)). In
contrast, the FESEM image of the annealed sample showed
a polyhedrally crystalline RexOy surface. The uniformity, crys-
tallinity, and grain growth improved remarkably in the
annealed RexOy sample, which facilitated a higher pH response,
acquiring an increased the number of surface sites.

In addition to morphological characterization, AFM analysis
provides information about prole shape, grain growth, and
surface roughness. AFM images presented the surface topog-
raphy of the as-prepared (Fig. 2(c)) and annealed RexOy lm
(Fig. 2(d)). The AFM of the as-prepared sample showed an
indenite microstructure with a root mean square (RMS)
surface roughness of 0.64 nm, indicating its polycrystallinity
and poor grain growth. The sample was annealed at 220 �C in O2

ambient to improve the lm quality, which showed more
prominent grain and vastly increased surface roughness (12.92
nm). This phenomenon stipulated that better crystalline growth
took place at 220 �C annealing temperature as the vacancy-
related defects were fullled due to the optimum heat and
presence of oxygen. The increased grain growth in annealed
RexOy is attributed to the high pH sensing performance of the
sensing lm.

The crystallinity and crystal phases of as-prepared and
annealed RexOy were demonstrated in XRD spectra, as shown in
Fig. 3. The as-prepared sample obtained (101), (113), (015),
(006), (144), (017), (241), (312), and (324) crystalline planes,
whereas the planes at (101), (113), (042), (006), (144), (017),
(241), (312), and (324) directions were observed in 220 �C
annealed sample (mp-1016092).25 The (324) plane at �56.77�

was dominant in the as-prepared sample, whereas (113) at
�25.59� became the most signicant peak in the 220 �C
annealed sample, indicating their corresponding preferred
location. The yield effect in grains can explain the potential
change in preferred location aer annealing. The annealing
process increased the grain growth in RexOy thin-lm, thereby
increasing the in-plane stress in the grains.26 When the RexOy
Oy based pH sensor.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FESEM images of (a) as-prepared and (b) 220 �C annealed RexOy, AFM images of (c) as-prepared and (d) 220 �C annealed RexOy samples.

Fig. 3 XRD spectra of as-prepared (red) and 220 �C annealed (blue)
RexOy.
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thin-lm initiates to yield with the thermal treatment of the
pristine sample, the grains in (113) direction start to yield more
rapidly than the grains oriented in (324) direction. Hence, the
(113) grains obtain more energy to promote further grain
growth in the annealed sample. Thus, the change in preferred
orientation of the annealed RexOy at (113) compared to the as-
prepared sample can be justied. The thermal treatment
cumulates higher energy positions to produce superior nucle-
ation positions, facilitating consistent recrystallization of
grains. The disappearance of the (015) plane and the occurrence
of (042) direction 220 �C annealed sample compared to the as-
prepared one indicated the crystalline structure change aer
annealing. Moreover, the annealing process circumvented
structural deformation and vacancy-related defects, resulting in
a more stable crystalline structure than the pristine one, indi-
cated by the sharper XRD peaks in the annealed sample. The
interplanar spacing d ¼ 3.38 �A for (113) dominant direction,
calculated by Bragg's equation (l ¼ 2d sin q), was nearly similar
to the d spacing (d¼ 3.63�A) estimated in ref. 27. All other peaks
appeared sharper in the 220 �C annealed sample implying the
better crystalline properties of the 220 �C annealed RexOy than
the as-prepared sample, probably due to defect repairing and
stronger bonding between Re and O. This result was consistent
with the AFM analysis, supporting the improvement in the pH
response of RexOy aer annealing. The number of surface sites
extensively depends on the surface stoichiometry, thereby
inuencing the surface ion-exchange property. For this
purpose, XPS analysis was executed to examine the chemical
states and composition of as-deposited and annealed RexOy. In
Fig. 4(a) and (b), the XPS scan in the region, Re 4f of as-
deposited RexOy and 220 �C annealed RexOy were compared.
Two spin–orbit-split peaks (Re 4f7/2 and Re 4f5/2) were observed
for Re7+ species, whereas only one broad peak of Re6+ was
noticed due to its presence in a low amount compared to Re7+ in
both as-deposited and annealed RexOy.28 The XPS peak maxima
for Re 4f7/2 were located at 45.14 eV, whereas Re 4f5/2 was at
47.50 eV in the as-deposited RexOy sample. In the XPS of the
annealed sample, the Re 4f7/2 and Re 4f5/2 peaks shied by
0.26 eV and 0.21 eV, respectively, towards higher binding
energy, which implies the improved oxide formation compared
to the as-deposited sample. Fig. 4(c) and (d) demonstrate the O
1s core-level XPS spectra for as-deposited and annealed RexOy.
The XPS of O 1s was deconvoluted into three prominent peaks
representing (1) Re(VII) oxide at the lowest binding energy, (2)
© 2022 The Author(s). Published by the Royal Society of Chemistry
Re(VI) oxygen at the second-lowest binding energy, and (3) Re-
hydrous (Re–OH) species at the highest binding energy. The
Re(VII) and Re(VI) oxygen peak of the annealed sample shied
more towards lower binding energy by 0.31 eV and 0.18 eV
compared to the peak positions of the oxygen regarding Re(VII)
at 531 eV and Re(VI) at 531.9 eV of the as-prepared sample. This
phenomenon was impressively consistent with the higher
binding energy shi of the Re(VII) XPS peaks, indicating the
stoichiometric improvement due to annealing. The higher
intensity of the Re(VII) and Re(VI) oxygen peaks of the annealed
sample denotes the emergence of a maximum amount of
metallic oxide than that of the as-deposited lm. Moreover, the
Re–OH peaks originated from the environmental hydrous
species, and defects on the surface were noticeably decreased in
the XPS of the annealed sample, which implies the presence of
a less amount of contaminant and defect repairing in the
annealed sample compared to the as-deposited one. Fig. S1,
ESI,† demonstrates the survey spectra of as-prepared and
annealed RexOy.
pH sensing performance

In general, the site-binding theory can explain the pH sensing
phenomena of metal oxide (MOx)-based insulators/
semiconductors, depending on the formation of net surface
charge.29 A metal surface contains many unsatised valences,
RSC Adv., 2022, 12, 13774–13782 | 13777
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Fig. 4 XPS of (a) Re 4f of as-prepared RexOy (b) Re 4f of 220� annealed RexOy (c) O 1s of as-prepared RexOy (d) O 1s of 220 �C annealed RexOy.

Fig. 5 pH sensing mechanism of (a) as-prepared and (b) 220 �C
annealed RexOy.
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referred to as dangling bonds of the hydroxyl (OH) group, which
bind the H+ and OH� of the analyte. The amphoteric OH groups
(M–OH) are formed on the surface when the unsatised bonds
couple the ions from the analyte. These groups captivate the H+

ions for the low pH value of the analyte forming the proton
acceptor groups (M–OH2+). Similarly, for the higher pH value of
the analyte, the surface hydroxyl groups donate H+ creating
proton donor groups (M–O�). The H+ ion sensitivity of the metal
oxide surface is determined by the parameter b given in eqn (1).

b ¼ 2q2NsðKaKbÞ1=2
KTCDL

(1)

where, q ¼ elementary charge, K ¼ Boltzmann constant, T ¼
absolute temperature, Ka ¼ dissociation constant related to
acidic equilibrium, Kb ¼ dissociation constant related to basic
equilibrium, CDL ¼ double layer capacitance estimated from
Gouy–Chapman–Stern model31 Ns ¼ available surface sites per
unit area.

In the case of RexOy thin lm, Re–OH2+, Re–OH, and O–O�

are considered as the H+ ion binding sites based on the above
discussion. The surface site dependent pH response of RexOy

can be realized by probing the XPS analysis. The O 1s XPS
spectra conrmed that more lattice oxygen was formed in the
annealed sample than in the as-prepared one. Consequently,
more oxygen vacancies appeared on the as-prepared sample
resulting in fewer binding sites. In contrast, as the oxygen
vacancies were repaired due to annealing at 220 �C, the surface
sites signicantly increased (Ns). The improved sensitivity of the
220 �C annealed RexOy than its as-prepared form may be
attributed to the vacancy fulllment resulting in better crystal-
linity and surface roughness. Hence, the sensitivity parameter
b also increased in the case of 220 �C annealed RexOy lm as
surface sites (Ns) increased correspondingly. The pictorial
representation of the ion-exchange mechanism of as-prepared
and annealed RexOy is shown in Fig. 5.

To determine the pH sensitivity of the as-prepared and
220 �C annealed RexOy based EIS sensor, C–V curves (Fig. 6)
were obtained for different pH solutions ranging from pH2–
13778 | RSC Adv., 2022, 12, 13774–13782
pH12 by applying sweep voltage to the back-contact, and the Ag/
AgCl reference electrode was connected to the ground. The
corresponding reference voltage was determined from
0.4Cnormalized for all pH values. The at band voltage was shied
according to the varying pH can be portrayed in eqn (2).30

VFB ¼ EREF þ csol � 40 �
QSi

q
� Qss þ Qox

Cox

(2)

where EREF is the potential of the reference electrode, 40 is the
surface potential between the electrolyte and the sensing
surface, csol is the dipole potential of the solution, FSi denotes
the work function Si, Cox signies the oxide capacitance per unit
area, QSS is the interface charge density, QOX is the xed positive
oxide charge. A decrease in pH or attachment of more positive
charges to the RexOy surface led the C–V curves to shi toward
the more positive value of the reference voltage. In contrast, the
C–V curves shied towards a more negative voltage as the pH of
the analyte increased, i.e., the RexOy surface attracted more
negative charges. The C–V characterizations of the as-prepared
and 220 �C annealed RexOy were shown in Fig. 6(a) and (c),
respectively. The calibration plots (VREF�pH values) related to
the C–V characterization of the as-prepared (Fig. 6(b)) and
220 �C annealed RexOy (Fig. 6(d)) obtained the sensitivities of
28.8 mV pH�1 (R2 ¼ 0.97) and 57.3 mV pH�1 (R2 ¼ 0.99),
respectively. Three replications were performed to obtain the
standard error bar for each pHmeasurement. The ion exchange
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Capacitance–voltage (C–V) plot (b) calibration (VREF�pH value) plot of as-prepared RexOy, (c) capacitance–voltage (C–V) plot (d)
calibration (VREF�pH value) plot 220 �C annealed RexOy, comparison between as-prepared and annealed RexOy based sensor in terms of (e)
hysteresis curves during the pH loop of 7/ 4/ 7/ 10/ 7 for 25 min, and (f) drift phenomena measured in the pH 7 buffer solution for 12 h.
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on RexOy surface upon exposure to the analyte can be explained
by the electron exchange equation of Re6+/Re7+ redox species
(conrmed by XPS) present in RexOy.

The chemical equation involving the conversation of the
rhenium oxide redox couples (Re6+/Re7+) is given below:

Re(OH)6 4 Re(OH)5O
� + H+ (3)

Re2O(OH)12 4 Re2O(OH)10O2
2� + 2H+ (4)

2Re(OH)6 + H2O 4 Re2O(OH)12 + 2H+ + 2e�1 (5)

Substituting eqn (3) and (4) into eqn (5), the resulting redox
reaction is given below:

2Re(OH)5O
� + H2O 4 Re2O(OH)10O2

2� + 2H+ + 2e�1 (6)

The theoretical pH sensitivity of the RexOy based can be
calculated from the ideal Nernst equation30 by analyzing the
value of the potential difference across the sensing membrane
given in eqn (7).

E ¼ E0 � 0.059 � pH (7)

E0 is the standard electrode potential at room temperature. The
ratio of proton and electron (H+/e�1), obtained from eqn (6), was
1 : 1. Hence, the theoretically estimated sensitivity of the RexOy

based sensor was equivalent to the ideal Nernst sensitivity, i.e.,
59 mV pH�1. In our study, the sensitivity achieved for RexOy

based pH sensor was 57.3 mV pH�1, close enough to the
calculated value. The negligible decline in the actual sensitivity
compared to the calculated one may arise due to the insigni-
cant stoichiometric imperfection. However, the poor crystal-
linity and lower surface roughness of the as-prepared sample
resulted in a considerable difference in the sensitivity compared
to the calculated value. Due to the lack of surface sites in the as-
prepared sample originating from the oxygen vacancy-related
defects, the proton to electron transfer ratio (H+/e�1) becomes
© 2022 The Author(s). Published by the Royal Society of Chemistry
less than one, attributing to much lower pH sensitivity
(28.8 mV pH�1).

Although the RexOy based pH sensor achieved high sensi-
tivity, the assessment of short-term (hysteresis) and long-term
(dri) reliability is a prime requirement. The hysteresis effect
of the sensor was obtained by evaluating the difference between
the starting and terminal value of VREF for pH 7 aer attaining
a varying pH loop of pH 7/ pH 4/ pH 7/ pH 10/ pH7 for
25 min. Fig. 6(e) compares the hysteresis curves for as-prepared
and annealed RexOy based sensors. The hysteresis values ach-
ieved by the as-prepared and annealed sample were 6.1 mV and
4.7 mV, respectively. The hysteresis effect is mainly attributed to
surface defects, unsatised bonds, and scattered ions. As
annealing helped the RexOy surface become uniform, contin-
uous, and depleted of defects, the annealed sample obtained
minimized hysteresis compared to the as-prepared one.

The comparative representation of the dri characteristic
for as-prepared and annealed RexOy is shown in Fig. 6(f). The
dri rate was determined as the rate change of the difference in
VREF between the initial and nal hour with respect to time (h)
immersing the sensor in pH 7 for 12 h. A high dri rate (6.2 mV
h�1) was procured for the as-prepared sample, whereas
a noticeably lower dri (1.7 mV h�1) was obtained for the
annealed sample. The undesired dri phenomena occurred
due to the surface pinning effect, presence of unsatised
bonds, and dispersive transport. In the case of the annealed
sample, a thick hydrous layer was formed upon simmering the
device for the long term as the surface contained fewer
dangling bonds than the as-prepared sample. Therefore, the
hydrous layer resisted the further interaction between the
sensing surface and the analyte over time, resulting in the
minimized dri rate of the annealed sample. Conversely, the
higher stoichiometric defects of the as-prepared sample,
unable to create a stable hydrous layer over time, obtained
a relatively higher dri rate. The pH sensitivity, hysteresis, and
dri rate of the annealed RexOy were compared to other exist-
ing reports in Table 1.
RSC Adv., 2022, 12, 13774–13782 | 13779
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Table 1 A comparative study of the previously EIS pH sensors with RexOy based pH sensor

Sensing material Deposition method
pH sensitivity
(mV pH�1)

Hysteresis
(mV)

Dri
(mV h�1)

SiO2 (ref. 32) Low-pressure chemical vapor
deposition

41.5 19.6 19.4

Al2O3 (ref. 33) Atomic layer deposition 55 — 5.5
Si3N4 (ref. 34) Low-pressure chemical vapor

deposition
50 21 4

HfO2 (ref. 35) Radio frequency sputtering 51 25 1
PbTiO3 (ref. 36) Sol–gel 56–59 — —
Ta2O5 (ref. 37) Thermal oxidation of Ta 56 5 —
RexOy (this work) Solution 57.3 4.7 1.7

Fig. 7 (a) Reproducibility of RexOy based pH sensor demonstrating the
similar sensitivities of different samples (b) stability analysis of RexOy

based pH sensors for 8 weeks.
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Selectivity, reproducibility, and stability analysis

Selectivity, reproducibility, and stability analysis are essential
for evaluating the sensing performance of a sensor. The inter-
ference study of the annealed RexOy pH sensor for H+ ion was
examined in the analytes containing sodium (Na+), potassium
(K+), calcium (Ca2+), and magnesium (Mg2+) ions. The actual
blood sample contains different ions such as Na+, K+, Ca2+,
Mg2+, etc. Na+ and K+ are directly involved in the ion balance of
blood along with the H+ ion, whereas other divalent ions are
related to oxygen transport, cell signaling, gene mutation, and
neurotransmission.38 The concentrations of all ions were
maintained at 10�1 to 10�5 M, comparable to their actual
concentration present in the real sample. The Na+, K+, Mg2+,
and Ca2+, sensitivities (Fig. S2(a), (c), (e) and (g), ESI†) of the as-
prepared RexOy were 4.2 mV pNa�1 (R2 ¼ 0.98), 2.3 mV pK�1 (R2

¼ 0.90), 5.3 mV pMg�1 (R2¼ 0.96), and 4.6 mV pCa�1 (R2¼ 0.98)
whereas the annealed sample obtained the Na+, K+, Mg2+, and
Ca2+ sensitivities as low as 10.7 mV pNa�1 (R2 ¼ 0.99), 6.7 mV
pK�1 (R2 ¼ 0.92), 11.0 mV pMg�1 (R2 ¼ 0.96), and 9.3 mV pCa�1

(R2 ¼ 0.99), depicted in Fig. S2(b), (d), (f) and (h).† The Na+, K+,
Mg2+, and Ca2+ sensitivities of both as-prepared and annealed
samples were much lower than the H+ ion sensitivities, probably
due to the smaller dimension and lighter weight of the H+ ion
compared to Na+, K+, Mg2+, and Ca2+ ions.39 Therefore, the
RexOy can be considered more selective to H+ ions than the
interferent ions. A comparative representation of the H+ and
interfering ion sensitivities is depicted in Table 2.

Producing the same outputs for different identical devices is
called reproducibility. Fig. 7(a) presents the comparison bar
graph of the sensitivities achieved by four different devices
measured in pH (2–12). The four devices showed sensitivities of
57.32 mV pH�1, 57.03 mV pH�1, 55.85 mV pH�1, 55.82 mV
pH�1. The percentage of relative standard deviation (RSD%) of
the sensitivities of four different devices was estimated as
Table 2 Comparison of Na+, K+, Mg2+, Ca2+, and H+ sensitivities of as-p

Sensing lm
Na+ sensitivity
(mV pNa�1)

K+ sensitivity
(mV pK�1)

As-prepared RexOy 4.2 (R2 ¼ 0.98) 2.3 (R2 ¼ 0.90)
220 �C annealed RexOy 10.7 (R2 ¼ 0.99) 6.7 (R2 ¼ 0.92)

13780 | RSC Adv., 2022, 12, 13774–13782
1.07%. The change in the sensitivity varied within the space 5%
tolerance range, which is acceptable for clinical measurements.

The stability of a sensor is referred to as the capability to
maintain an identical output over a constant time duration. The
stability test of the RexOy based pH sensor was conducted for 8
weeks by monitoring the reference voltage shi of the device in
pH 7, as shown in Fig. 7(b). The device showed only 13%
degradation of the reference voltage in 8 weeks compared to its
initial value in the 1st week, indicating sufficient long-term
sensor stability. However, the inaccuracy mentioned above of
the pH sensor over the long-term use can be evaded by recali-
brating the sensor prior to the measurement.
Real sample analysis

The real sample analysis of the sensor was performed by
measuring the pH value of tangerine juice (acidic), human serum
(nearly neutral), and alkaline drinking water (Uni-President, Tai-
wan). Initially, the pH values of the above-mentioned samples
were determined by a commercially available JENCO Vision Plus
pH6175 pHmeter (United States). The pHmeter displayed the pH
values of tangerine juice, human serum, and alkaline water as pH
4.7, pH 7.2, and pH 9, respectively, as shown in Fig. 8(a)–(c).
repared and 220 �C annealed RexOy sensing films

Mg2+ sensitivity
(mV pMg�1)

Ca2+ sensitivity
(mV pCa�1)

H+ sensitivity
(mV pH�1)

5.3 (R2 ¼ 0.96) 4.6 (R2 ¼ 0.98) 28.8 (R2 ¼ 0.97)
11.0 (R2 ¼ 0.96) 9.3 (R2 ¼ 0.99) 57.3 (R2 ¼ 0.99)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 pH values of (a) tangerine juice (b) human serum (c) alkaline water measured by commercial pHmeter, pH values of (d) tangerine juice (e)
human serum (f) alkaline water measured by the RexOy based pH sensor.
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Fig. 8(d)–(f) show that the pH values of the tangerine juice, human
serum, and alkaline drinking water were estimated from the
calibration plot (Fig. 5(d)), which was almost the same as the pH
values measured by the pH meter. The inset shows the magnied
image of the deviation of the expected and the measured value on
the calibration plot. The relative errors (%) for the pH measure-
ment of the tangerine juice, human serum, and alkaline water
were calculated as �3%, +1.7%, and +0.2%, respectively. All the
measurements were repeated thrice to obtain the standard error
bar.
Conclusion

In this report, we developed a RexOy based EIS pH sensor. The
RexOy thin lm was deposited on Si by spin-coating the RexOy

solution. To improve the microstructural properties of RexOy,
benecial for pH sensing, post-deposition annealing treatment
at 220 �C was executed. The morphological, structural, and
compositional betterment of the annealed sample compared to
the as-prepared one was conrmed by FESEM, AFM, XRD, and
XPS analysis. The pH sensing performance of the as-prepared
and annealed sample was evaluated by capacitance–voltage (C–
V) characterization. The annealed sample showed signicant
improvement in terms of sensitivity (57.3 mV pH�1), hysteresis
(4.7 mV), and dri (1.7 mV h�1) compared to the as-prepared
sample. Aer annealing, the enhanced sensing performance
was achieved due to the improved stoichiometry fostering the
active redox exchange reaction. The annealed sample also
showed better selectivity for H+ ion than the as-prepared sample
as per the interference study was conducted with the analytes
containing interfering ions. The reproducibility and stability
study of the annealed sample depicted that the sensor is
repeatable and impressively stable (8 weeks). The RexOy pH
sensor measured the pH of the real samples (tangerine juice,
© 2022 The Author(s). Published by the Royal Society of Chemistry
human serum, and alkaline drinking water) with high accuracy.
The excellent pH sensing performance of the RexOy based sensor
evidences the potential of the sensor for the futuristic application
as a reliable platform for complex biomolecule conjugation.
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