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Abstract—This work presents the application of zinc oxide
(Zn0) and zinc ferrite (ZnFe;04) for electrochemical pH sens-
ing. ZnO and ZnFe»O4 are synthesized by auto-combustion
synthesis method. Field emission scanning electron micro-
roscopic (FESEM) images revealed that ZnO particles have
pyramid- and spherical-shaped morphology with microm-
eter dimensions, while ZnFe;O, particles have spherical
shape at the nanoscale. The surface-modified screen-printed
electrodes with ZnO and ZnFe»04 particles are initially char-
acterized by the ferri/ferrocyanide redox couple. Significant
improvement in sensitivity (bare carbon: 6.3 =+ 0.4 xA/mM,
Zn0: 8.5 + 0.3 pA/mM, ZnFe204: 8.9 + 0.5 xA/mM) and rate
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constant (bare carbon: 10 + 1 ms—1, Zn0O: 46 + 4 ms~1, ZnFe,0,: 42 + 3 ms—1) is observed with the surface-modified
14 sensors. Chronopotentiometric pH response of the sensors showed hysteresis behavior with pH loop. No interference
effects are observed, and the pH sensitivity of the bare carbon sensor (23.9 + 1.4 mV/pH) is increased by the introduction
of ZnO (38.1 = 1.3 mV/pH) and ZnFe>04 (37.2 + 1.1 mV/pH) particles. Stability of the pH response is discussed, and ways

for its improvement are proposed.

Index Terms— Microparticles, nanoparticles, potentiometric pH sensor, sensor stability, zinc ferrite (ZnFe;04), zinc

oxide (ZnO).

|. INTRODUCTION

LECTROCHEMICAL pH sensing is valued for its high
Esensitivity, rapid response, and adaptability to a wide
range of environments, making it a versatile solution in fields
such as clinical diagnostics [1], environmental monitoring [2],
water quality assessment [3], [4], and industrial process con-
trol [5]. These sensors operate based on the electrochemical
interaction between a pH-sensitive material and hydrogen ions
(H*) in a solution, allowing for real-time, in situ measurements
of acidity, neutrality, or alkalinity of a solution [6].

Electrochemical pH sensors typically work through poten-
tiometric, amperometric, or conductometric approaches. The
most common type is the potentiometric pH sensor, which
measures the potential difference between a pH-sensitive
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working electrode (WE) (such as glass electrodes or metal
oxides) and a reference electrode (RE) (typically Ag/AgCl)
immersed in the solution. The potential generated at the WE
is proportional to the activity of H ions, which are related to
the solution’s pH value through Nernst equation [6], [7], [8].

Metal oxide nanomaterials have emerged as highly effec-
tive materials for electrochemical pH sensing due to their
excellent electrochemical properties, stability, and sensitivity
to hydrogen ions (H") in solutions. Their unique structural,
electrical, and chemical characteristics make them suitable
for a wide range of pH sensing applications [1], [6], [9],
[10]. In environmental applications, titanium dioxide (TiO,)
[11] and zinc oxide (ZnO) [3], [12] nanomaterials have been
employed in pH sensors to monitor water quality due to their
wide bandgap [13], [14]. These sensors can detect shifts in pH
caused by contaminants in rivers, lakes, or oceans, providing
crucial data for water management. Nickel oxide (NiO) [15]
and copper oxide (CuO) [6], [9], [16] nanoparticles are also
commonly used in soil pH sensors due to their robust sensing
capabilities in harsh environments.

In clinical diagnostics, monitoring pH is vital for tracking
physiological parameters such as blood acidity (pH of blood)

1558-1748 © 2025 |IEEE. All rights reserved, including rights for text and data mining, and training of artificial intelligence
and similar technologies. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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or the pH of interstitial fluids, which are critical in conditions
like acidosis or alkalosis [1]. Iridium oxide (IrO,) [8], [17]
and ruthenium oxide (RuO,) [1], [6], [10], [18], [19] are
used to develop pH sensors with super Nernstian behavior that
can be integrated into biomedical devices, including wearable
and implantable sensors. These materials exhibit fast response
times and stability under physiological conditions. Tin oxide
(SnOy) [6], [18], [20] nanomaterials are also explored for
implantable pH sensors due to their nontoxic nature and high
sensitivity to pH changes, which are essential features for
detecting pH changes in tissue environments during medical
treatments. Tungsten oxide (WQO3) is also used to develop pH
sensors for clinical diagnostics [21], [22].

Spinel oxides are another class of multitransition metal
oxides such as zinc ferrite (ZnFe,O4) and nickel ferrite
(NiFe,04). The spinels possess a crystal structure of the
form AB,O; (A—metal cation with “+42” oxidation state
and B—metal cation with “43” oxidation state) with excel-
lent chemical stability and electrical neutrality [23]. Several
spinel oxide nanomaterials are used as sensing materials in
electrochemical sensing applications for drug detection [24].
An improvement of the electrochemical sensing response is
possible due to the tunability of their crystal structure. Their
composition can be easily modified maintaining the chemical
stability of the structure [25], [26], [27], [28], [29]. The
spinel can be normal, inverse, or mixed with different cations
occupying different sites in the crystal structure and leading
to different electrochemical performance due to the change
in their semiconducting nature either from p to n or from
n- to p-type [25], [26]. The magnetic nature (ferromagnetic
and antiferromagnetic behavior leading to electron scattering
effects and charge trapping) of the spinel materials also plays
an important role in the conductivity of spinel oxides [30]
which in turn can affect the electrochemical sensing perfor-
mance. This class of spinel nanomaterials is not explored as
pH sensing electrode materials in the literature as far as our
knowledge is concerned. Therefore, in this work, we investi-
gate the capability of ZnFe,O4 normal spinel material to act
as an electrode sensing material of pH.

ZnO and ZnFe,04 particles are synthesized and charac-
terized using different techniques. Commercial screen-printed
electrodes (SPEs) are used as an electrochemical sensing
cell and the surface of the WE is modified with the
newly synthesized materials. The electrochemical behavior
of the new sensors is first assessed using the well-known
ferri/ferrocyanide probe molecule, then their performance as
pH sensors is assessed. Different performance characteristics
of pH sensors such as hysteresis, sensor stability, sensitivity,
and interference effects are presented and discussed.

II. MATERIALS AND METHODS

A. Chemicals
Zinc nitrate (Zn(NO3),-6H,0), iron nitrate
(FC(NO3)3‘9H20), C(NHz)zo (Urea), Butanol (C4H]00),
potassium  hexacyanoferrate(Il) (K4Fe(CN)g), potassium
hexacyanoferrate(Ill) (K3Fe(CN)g), acetic acid (CH;COOH),
potassium nitrate (KNO3), boric acid (H3BOs3), phosphoric
acid (H3POy,), potassium hydroxide (KOH), and nitric acid

(HNO3) are purchased from Sigma Aldrich and used without
any further purification.

B. Material Synthesis

A simple and cost-effective auto-combustion synthesis is
used to synthesize nanomaterials based on our previous
work [25]. Synthesis of ZnFe,O4 nanoparticles is reported in
our previous work [25], [31]. ZnO is synthesized by using
only Zn(NO3),-6H,0 following the same process as ZnFe,Oy4
synthesis.

C. Preparation of Universal Buffer Solution (UBS)

UBS covering the pH range from 2 to 12 is prepared to
characterize electrochemical sensors. A measure of 0.3 mL
(0.01 M) of CH3COOH, 5.05 g (0.1 M) of KNO3, 031 g
(0.01 M) of H3BOs3, and 0.58 mL (0.01 M) of H3POy4 are
mixed with 0.5 L of deionized (DI) water in a glass container.
The mixture is kept in an ultrasonic bath for 5 min to dissolve
all the chemicals and obtain a final homogeneous solution.

D. Apparatus

Field emission scanning electron microroscopic (FESEM)
images are collected utilizing a Zeis SupraTM 50
(Oberkochen, Germany) to examine the nanomaterial’s
morphology. The crystal structure of the materials is
determined by X-ray powder diffraction (XRD) using a
Panalytical Empyrean diffractometer (Malvern Panalytical,
Malvern, U.K.). The XRD analysis of the powder samples is
performed at room temperature using a Bragg—Brentano setup
with Cu Ko (A = 1.5418 A) radiation at 40 kV and a current
of 40 mA. The analysis is carried out using a time step of
60 s and a step size of 0.013°/s, covering a 26 range from
10° to 70°. Palmsens potentiostat with PSTrace 5.9 is used
to perform cyclic voltammetry (CV) in solutions containing
ferri/ferrocyanide. Metrohm Autolab with Nova 2.1 is used
for electrochemical impedance spectroscopic (EIS) studies
and chronopotentiometric pH sensing.

E. Electrochemical Sensors

Commercial screen-printed carbon WE (area 0.12 cm?) and
carbon counter electrode (CE) on a ceramic substrate along
with an external double junction Ag/AgCl RE are used as
electrodes for ferri/ferrocyanide sensing. The same method
as reported in the literature [25] is adopted to prepare the
nanomaterial solutions and the surface of the carbon WE is
modified using the drop-casting technique as reported previ-
ously [25], [31], [32].

F. Electrochemical Measurements

CV is used to characterize the sensors performance for the
detection of ferri/ferrocyanide redox couple with a potential
window ranging from —0.4 to 0.8 V at a scan rate of 100 mV/s
in phosphate buffer (PB) at pH 7. Scan rate analysis is per-
formed by changing the scan rate from 25 mV/s to 125 mV/s
in steps of 25 mV/s. Calibration of the sensors is conducted
by recording cyclic voltammograms in the concentration range

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

AQ3



164

165

167

168

169

170

1

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

MADAGALAM et al.: COMPARATIVE STUDY OF ZnO AND ZnFe;O4 MICROPARTICLE AND NANOPARTICLE-BASED SPEs 3

. i L‘-} _ | A -
AccY SpotMagn Det WD Exp p— 5um
120kV 20 5000x SE 99 1
N -

% T, Y
Fig. 1. FESEM images of (a) ZnO with 5kx and
from 1 to 8 mM of ferri/ferrocyanide redox couple. EIS
is performed in the frequency from 0.1 to 100 kHz with
10 points/decade at an amplitude of 5 mV. Chronopotentio-
metric experiments are conducted for pH initially in the full
loop of 2-12-2 and in the physiologically relevant pH range
of 5-8.5. The RE and CE probes of the Autolab are coupled
together, and the solution is continuously stirred at 500 r/min.
Open-circuit potential (OCP) is recorded with time and the
average of the last 60 s of the response of OCP before any
pH change in solution is plotted against the pH value for the
calibration. The slope of the plot is reported as the sensitivity
of the sensors. Interference measurements are conducted using
30 mM KCI and 5 mM NaCl to verify the robustness of the
sensor toward interfering ions.

I1l. RESULTS AND DISCUSSION
A. Material Characterization

Fig. 1 shows the FESEM images of ZnO and ZnFe;04
particles-modified carbon surface. ZnO particles have a pyra-
mid shape at microscale, while some smaller particles exhibit
a different morphology like spherical one. ZnFe,O, parti-
cles show spherical-shaped morphology. A certain amount of
aggregation is observed in both materials that are possibly
due to the adopted synthesis method [25], [33] as it provides
a weak control over the particle growth kinetics.

The XRD patterns of ZnFe,O4 and ZnO are shown in
Fig. 2. For ZnFe;0y, the experimental pattern fully matches
with the normal spinel Franklinite (ZnFe,Oy, reference code
01-089-4926). Some low-intensity peaks are noticed in the
20 range between 30° and 37°: these peaks are com-
patible with the most intense peaks of ZnO (reference
code 01-080-0075) and iron oxide (Fe,Os, reference code
01-085-0987) in accordance with previous studies [25], [26].
For ZnO, the XRD pattern neatly matches with the ZnO
one (reference code 01-080-0075). The low-intensity peak at
low angles is attributed to graphite, which might be present
as an impurity due to the graphite reactor used for the
material synthesis. Crystallite size of the materials is calculated
using Scherrer’s method [25], [26]. ZnFe,O, has an average
crystallite size of 35.2 £ 3.3 nm, while ZnO has an average

.f .
 — L L

&
Det WD Exp
100kv 20 20000x SE 94 1

AccV SpotMagn

(b) ZnFepO4 with 20kx magnification, respectively.
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Fig. 2. XRD patterns of ZnFe>O4 and ZnO particles synthesized by

auto-combustion.

crystallite size of 45.7 &= 1.3 nm. In the case of ZnO-particles,
particles are formed by abnormal asymmetric growth leading
to the micrometer dimensions of particles, as evidenced in
Fig. 1.

B. Electrochemical Characterization

Fig. 3 shows the cyclic voltammograms of the bare,
ZnFe,04, and ZnO sensors characterized in 4 mM
ferri/ferrocyanide redox couple in 0.1 M PB at pH 7 at
a scan rate of 100 mV/s. The introduction of nanostruc-
tured/microstructured materials has enhanced the performance
of screen-printed carbon electrodes. The oxidation peak cur-
rent (Ip,) is increased [~14 pA: I, = 44.1 £ 0.6 pA
(ZnFe;0,), 44.3 £ 0.4 nA (ZnO)] and the anodic peak poten-
tial (oxidation peak potential: Ep,) is decreased [~70 mV:
Ep, = 413 £ 3 (ZnFe;04), 407 £ 3 mV (ZnO)] compared to
bare carbon sensor (/p, =30.6 = 1.4 uA, E,, =483 =7 mV).

Cyclic voltammograms obtained at various scan rates are
depicted in Fig. S1 for bare carbon, ZnFe,O4, and ZnO
sensors. The anodic (/p,) and cathodic peak currents (1)
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Fig. 3. Cyclic voltammograms of different sensors at a scan rate of g 4 Nyquist plots of different sensors in 4 mM ferri/ferrocyanide in

100 mV/s. (Electrolytic solution: 4 mM ferri/ferrocyanide in PB (0.1 M)
atpH 7).

TABLE |
ELECTROACTIVE SURFACE AREA AND INTERFACE IMPEDANCES IN
CHARACTERIZING FERRI/FERROCYANIDE REDOX COUPLE ON BARE
CARBON AND SURFACE-MODIFIED SENSORS

Sensor Ags (cm®) R(Q) R(kQ)
Bare 0.27 £0.05 166 17.2
ZnFe,Oy4 0.49+£0.03 146 134
ZnO 0.49+0.02 139 11.8

increased with the increase in scan rate and varied linearly
with the square root of the scan rate (4/v) in the range
25-125 mV/s, as shown in Fig. S2. The peak currents linear
regression equations with their regression coefficients, con-
firming the high level of linearity, are listed in Table SI.
Absolute redox current peak values are plotted in Fig. S3
to show the differences between the oxidation and reduction
peak currents. The redox peak current ratios with scan rate are
reported in Table S2, and the ratio I/, is 1. Electroactive
surface area (Ags) of the sensors is calculated using Randles—
Sevcik equation [26] and reported in Table I. It is observed that
the electroactive surface area of the sensors is increased due to
the presence of nanoparticle/microparticle of ZnFe;04/ZnO on
the carbon surface compared to the bare carbon sensor. Both
ZnFe, 04 and ZnO-based sensors have a similar electroactive
surface area indicating the same loading of the nanopar-
ticle/microparticle on the carbon surface that participates
in the electrochemical reaction with ferri/ferrocyanide redox
couple.

The peak-to-peak separation (AE, = Ep, — Ep., where
E, is the cathodic peak potential or reduction peak potential)
lowered by 150 mV compared to bare carbon sensor due
to the presence of either ZnO or ZnFe,O, particles. The
ZnO-based sensor showed the lowest AE, of 387 & 9 mV,
while the ZnFe,O4 sensor and bare carbon sensor exhibited
a AE, of 397 £ 7 and 547 & 9 mV, respectively. As the
electron transfer kinetics are directly related to AE),, the

PB (0.1 M) at pH 7. Frequency range is 0.5—100 kHz with 10 points per
decade at an amplitude of 5 mV.

80
= Bare
® ZnFe,O,
A 7ZnO
60 4
<
2
S 40
o
S
O
20
0 T T T T
0 2 4 6 8
Concentration (mM)
Fig. 5. Calibration of sensors for concentrations of ferri/ferrocyanide

redox couple in PB (0.1 M) up to 8 mM.

lower AE, indicates faster electrochemical reactions with high
reversibility. In Figs. S4 and S5, the redox peak positions Ep,
and E,, and AE, are plotted and a linear variation against
In(v) is observed. The linear regression equations with their
coefficients are reported in Tables S3 and S4, respectively.
Half-potential (E» = (Epa + Epc)/2) is shown in Fig. S6
and has almost a constant relation with In(v) is observed.
The redox peak current ratio, AE,, and E;,, suggest that the
interface is a quasi-reversible electrochemical interface from
Randles—Sevcik theory [34], [35]. Following the equations
from the Laviron model [25], [36], [37], the electron transfer
rate coefficient “o” and kinetic rate constant “k,” using AE,
(v = 100 mV/s) and n = 1, are calculated and presented in
Table II.

EIS is performed to study the impedance properties of the
electrochemical interface between 4 mM ferri/ferrocyanide
redox couple and different sensors. Nyquist plots of bare,
ZnFe;04, and ZnO-based sensors are reported in Fig. 4.
The Nyquist profiles of the sensors show only semicircles
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Fig. 6. Chronopotentiometric response of (a) bare, (b) ZnFe>O4, and (c) ZnO pH sensors showing the hysteresis effect in pH loop 2-12-2.

TABLE Il
ELECTROCHEMICAL PARAMETERS IN CHARACTERIZING
FERRI/FERROCYANIDE REDOX COUPLE ON BARE
CARBON AND SURFACE-MODIFIED SENSORS

Sensor o AEp(mV) k (ms™)
Bare 0.47+0.01 547+9 9.97+0.78
ZnFe,04 0.49+0.01 397+7 41.8+2.6
ZnO 0.496 + 0.002 387+9 46 + 4

associated with charge transfer kinetic limitations. Therefore,
Randles equivalent circuit model with a series resistance
(Ry), charge transfer resistance (R,), and a constant phase
element (CPE) are used to fit the obtained Nyquist plots
of bare, ZnFe,04, and ZnO-modified sensors without any
Warburg impedance (diffusion-controlled) as shown in Fig. S7.
From the circuit fitting, series (solution) resistance (R;) and
charge transfer resistance (R,) of the sensors are extracted
and reported in Table I. The charge transfer resistance of the
ZnFe,;04 and ZnO-based sensors is significantly lower than
the bare carbon sensor supporting the higher electron transfer
rate constant. ZnO-based sensor showed 1.6 k2 lower charge

transfer resistance with similar CPE parameters compared to
ZnFe,04-based sensor supporting its higher electron transfer
rate (higher “k”).

The sensors are calibrated by taking the average response
of three sensors of each type, and the calibration plots are
shown in Fig. 5. Sensitivity is computed with reference to the
oxidation peaks of the ferri/ferrocyanide redox couple in the
concentration range 1-8 mM. The bare carbon sensor has a
sensitivity of 6.3 £+ 0.4 wA/mM, while the ZnFe,0O4-based
sensor and the ZnO-based sensor have sensitivities of 8.9 £
0.5 and 85 £ 0.3 nA/mM, respectively. Though there are
significant differences in crystallite size and morphology, the
materials have shown similar electrochemical performance (k
and sensitivity) which might be due to their similar electroac-
tive surface area and charge transfer resistance.

Fig. 6 shows the chronopotentiometric response of bare
carbon, ZnFe;O4, and ZnO-based sensors in the full pH
loop of 2-12-2 (with 15 different pH values reported in the
supporting information Table S5). The response at each pH is
measured for two minutes (total time span of 30 min), and
it is observed that ZnO has the higher initial OCP (lowest
pH values). Moreover, there is huge shift in OCP after pH
10 for all sensors. In the reverse pH from basic to acidic
region, the OCP is similar in the surface-modified sensors
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Fig. 7. Chronopotentiometric response of (a) bare, (b) ZnFe2O4, and (c) ZnO pH sensors with reduced hysteresis effect in pH loop 4.5-8.5—4.5.

compared to the initial OCP from acidic to basic region.
These differences in response leads to a phenomenon called
“hysteresis” in pH sensors especially in the case of metal
oxide-based pH sensors [6]. The potential difference from
initial response to the final response in the complete pH loop
is called the “hysteresis width” as indicated in Fig. 6. The
ZnO-based sensor has the highest hysteresis width of 133 mV,
bare carbon sensor has the lowest width of 39 mV, and the
ZnFe;0y4-based sensor has a hysteresis width of 81 mV. The
hysteresis width defines the functionality of a pH sensor and
the pH range in which the sensor can be utilized. The lower
the hysteresis width, the better the performance of the sensor
in that pH range. As reported before, the hysteresis behavior
depends on the pH looping (pH range in which the sensor is
operated) [38]. Since our main interest is in the physiolog-
ical pH range, the sensors are characterized in the pH loop
4.5-8.5-4.5 (with nine different pH values with a total time
span of 45 min) as shown in Fig. 7. It is clearly observed that
the hysteresis behavior is reduced to 3, 18, and 44 mV for
bare carbon, ZnFe,O4, and ZnO-based sensors, respectively.
This is significantly lower compared to the previous pH loop
proving that the hysteresis behavior is pH loop-dependent.
Stability of the pH sensors is another important performance
factor. As is clear from Figs. 6 and 7, the potentiometric
response is not reaching a steady-state value when the pH is
changing from lower to higher values by the addition of KOH

solution. To understand the sensors’ stability, the response
is recorded at different pH values for longer times (10 and
20 min after each change in pH value) as presented in Fig. 8.
A drift over time is still observed without reaching any steady-
state value. The response starts to stabilize immediately after
the addition of HNQOj3 solution into the solution under test.
To understand this effect, it is important to consider how
a pH sensor works. When the sensor is immersed into the
test solution, the hydroxide (OH™) ions get attracted by the
electrode surface due to the dissociative adsorption of water.
This adsorption leads to a potential difference between the
WE and the RE. Due to the addition of more KOH solution
into the test UBS solution, the sensor’s surface is enriched
with more OH™ ions, leading to a difference in the potential
between WE and RE. When the HNO; solution is added,
the response starts to stabilize immediately as we introduce
HT ions. This is due to the faster diffusion of H ions (and
so faster protonation of the electrode surface) compared to
the process of interaction of OH™ ions with the electrode
surface [6]. To improve the stability of the sensors, instead
of using KOH as the base stock solution, bicarbonates such as
KHCO3 or NaHCOj3 can be employed. This might improve the
stability of the potential response as well as the pH sensitivity
of the sensors. When the pH of the solution under investigation
is controlled with KOH and HNOs, the sensors are calibrated
in the pH range mentioned above to compare the OCP. When

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355



356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

MADAGALAM et al.: COMPARATIVE STUDY OF ZnO AND ZnFe;O4 MICROPARTICLE AND NANOPARTICLE-BASED SPEs 7

5009, pH4S2 (a)
480 - \\*\\J
450 - 1 pHS5.55
\‘\~j pHS5.86
. 440-
Z P pH6.75 g
o \\\si pH655
8 400 - . PHS8.39
)
poied]
380 4 \' pH726
- 1
360 | ‘e
340 KOH HNO,
320 -
T T T T T
0 1000 2000 3000 4000 5000
Time (s)

480 (b)
460
440 -

420

OCP (mV)

400
380 +

360 - KOH

340 - T
0 1000

T T T
2000 3000 4000

Time (s)

5000

Fig. 8. Stability tests: chronopotentiometric response of ZnFe>O4 pH sensor with longer stabilization times [(a) 10 and (b) 20 minutes of waiting
time in between subsequent pH changes] after each pH change in the range between 4.5 and 8.5.

500

320 T T T T T T T T
5.0 55 6.0 6.5

pH

Fig. 9. Calibration of bare carbon, ZnFe;Q4, and ZnO pH sensors in
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HNOs is used after KOH in continuous measurements, the
sensitivity of the sensors is higher, according to the calibration
plots shown in Fig. S8. However, this is unreliable because the
OCP response is unstable in the first case when KOH is used,
which affects the OCP levels in the second case when HNO;
is used for pH control. The response time of the sensors is
difficult to investigate due to unstable response in the case of
KOH; therefore, the response time is reported for the second
case when HNOj is used for pH control. The bare, ZnFe,Oy,
and ZnO-based sensors showed response times (Tos) of 5, 80,
and 95 s, respectively. These times are just indicative but not
reliable due to unstable continuous OCP measurements with
KOH for pH control.

To assess the performance of the electrodes as pH sensors,
three freshly prepared electrodes of each type are taken,
and the potential response is measured for three minutes as
reported in Fig. S9. The average potential response in the last

60 s before changing the pH is considered to calibrate the
sensors in the pH range between 5 and 8.5. pH calibration
of the sensors is presented in Fig. 9. Bare carbon sensor,
ZnFe,04, and ZnO-based sensors have shown sensitivities of
239 £+ 1.4,37.3 £ 1.1, and 38.1 & 1.3 mV/pH, respectively.
The presence of either ZnFe, 04 or ZnO significantly improved
the pH sensing performance of bare carbon sensor, resulting in
an increase of sensitivity of around 60%. pH sensing response
is usually analyzed with the Nernst equation [6] as written
below
2.303RT
E=Ey— -~~~ pH (1)
nkF

where E is the Nernst potential, Ey is the standard surface
potential, R is the universal gas constant, T is the temperature,
and “n” is the number of electrons transferred in the reaction.
At atmospheric conditions with 7 = 25 °C for one electron
process (i.e., n = 1), the slope of the plot (E versus pH)
is 59 mV/pH. This response is usually termed as Nernstian
response for pH. Though for our sensors the response is not
Nernstian, we observed a significant increase with respect to
bare sensor, proving the potential of ZnFe,O4 or ZnO in pH
sensing applications.

The ZnO particles have a pyramid shape where the sides
and long edges of the particles are electroactive, whereas
ZnFe,04 has (close to) uniform spherical-shaped particles.
Another difference is in the crystal structure which is hexag-
onal for ZnO microparticles, while ZnFe,Oy4 particles exhibit
a complex normal spinel where the metal centers of Fe and
Zn play an important role in the electrochemical activity
of the sensors [24], [39]. ZnO is a wide bandgap material
(either p- or n-type semiconductor) with a bandgap around
3.2 eV [40], whereas ZnFe,0, (n-type semiconductor) has a
smaller bandgap of about 2.5 eV [25], [26]. Even though they
have these differences, we have observed that a comparable
electroactive surface area (from ferri/ferrocyanide sensing),
charge transfer resistance [kinetic limited reactions without
diffusion limitations from Nyquist plots (see Fig. 4)], electron
transfer rate constant (“k”) and sensitivity in pH sensing for
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our ZnFe,O4 and ZnO -based sensors. ZnO-based sensor has
shown higher hysteresis width compared to the other two types
of sensors in this work. For the selection of the electrode
type, it is crucial to consider eventual metal oxide dissolution
effects. The dissolution depends on the metal solubility in
the solution and the loading of the nanoparticle/microparticle
on the surface [41]. ZnO can dissociate into Zn(I) and
Zn(OH)™ ions in aqueous solutions with alkaline or neutral
pH conditions [40], [41], [42], [43]. On the other hand, there
is no evidence of dissolution of ZnFe,O4 reported so far in
the literature. Thus, interference tests are performed with the
ZnFe,04-based sensor by using relevant interferent species,
namely KCI and NaCl, at the physiological pH of 7.33 (close
to the blood pH of 7.4). The measurement graph is shown
in Fig. 10. During the measurement, 30 mM KCL is added
followed by the successive addition of 5 mM NaCl. There is
no significant effect on the potential response of the sensor
proving an excellent pH sensing selectivity to interfering ions.
In this work, we used the simple auto-combustion synthesis
method to produce ZnO and ZnFe,O4 particles based on
our previous work [25], [26]. The electrochemical pH sensor
response of the SPEs is improved by modification with the
synthesized micromaterial/nanomaterial. The performance of
the sensors can be further improved to have more control
over the particle growth kinetics and the material structural
properties. For instance, using appropriately selected surfac-
tants during the synthesis can reduce particle aggregation.
This would lead to an improvement in particle activity when
incorporated on the electrode surface.

IV. CONCLUSION

In this work, ZnO and ZnFe,0O, particles are successfully
produced using a simple and cost-effective auto-combustion
synthesis method. The materials are characterized by FESEM
and XRD to understand their morphological and structural
features. Commercial SPEs were modified with the developed
particles and studied as new electrochemical sensors. First,
the sensors are characterized using ferri/ferrocyanide redox

couple as a probe molecule via CV. Significant enhancement
in the performance of bare carbon sensor is achieved in
terms of sensitivity and rate constant using ZnO or ZnFe,Oy4
particles. Successively, the electrodes’ performance as pH
sensor is studied by means of chronopotentiometric measure-
ments. The hysteresis behavior of the sensors is improved by
using the physiological pH loop (4.5-8.5-4.5). We observed
that the stability of the pH sensors is affected by the addition
of OH™ ions in the test solution. Because of this, we propose
the use of alternative stock solutions for pH change to obtain
a stable steady-state signal upon the increase in the pH.
Overall, the pH sensitivity of bare carbon sensor is increased
(>55%) by using two different surface-modified sensors (ZnO
or ZnFe;0,4). Due to potential dissolution issues of the ZnO
particles when in water-based solution and reduced hysteresis
in pH sensing, interference studies are conducted at ZnFe,O4-
modified electrodes and shown that the sensor is silent to
potentially relevant interfering ions.

In this work, we choose to study ZnFe,O4 due to its
chemical stability, easy processing, low-cost synthesis, high
surface area at nanoscale, easily tunable structure, and its
n-type semiconducting and ferromagnetic nature with normal
spinel structure. For continuous monitoring, no dissolution is
expected due to its highly stable closely packed face-centered
cubic structure which is crucial in pH sensing. Addition-
ally, by incorporating surfactants in the synthesis process
(hydrothermal or co-precipitation or sol-gel method), agglom-
eration can be avoided leveraging nanoscale properties which
can lead to improved performance in the future work.
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