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A B S T R A C T   

Current membrane deposition approaches (e.g., drop-casting, spin-coating) for solid-state ion selective mem
brane (S-ISM) sensors suffer from problems including sensor material waste, uncontrollable membrane thickness 
(100–200 μm), loose contact between sensing membrane and electrode surface, long response time (e.g., >20 s) 
and poor reading stability (e.g., >3 mV/h). This study addressed these challenges by depositing ISM through 
electrospray printing technology and enabling accurate and continuous monitoring in water and wastewater. 
Specifically, the final droplet size and the splash diameter of the electrosprayed droplets deposited a particularly 
tunable, high resolution and ultra-thin (thickness: ~1 μm) membrane on the electrode surface, which immensely 
shortened the sensor response time (9.2 s), strengthened the adhesion between the ISM and the electrode surface, 
mitigated the formation of water layer in the S-ISM sensor entity, and ultimately enhanced the sensor reading 
stability (reading drifting <0.66 mV/h). Additionally, the ion diffusion model developed in this study confirmed 
that fast ion diffusion in the electrosprayed S-ISM polymer matrix effectively shortened the response time of 
sensors. Electrosprayed S-ISM sensors without anti-fouling protection exhibited high stability and accuracy with 
an error of less than 2.9 mg/L after continuously monitoring wastewater for 10 days, revealing a great potential 
for further enhancement.   

1. Introduction 

Solid-state ion-selective membrane (S-ISM) sensors have gained 
enormous attention for water quality monitoring in the past decade [1, 
2]. Distinct features such as high selectivity for water contaminants (e. 
g., ammonium, nitrate, lead, potassium), small sensor size (e.g., diam
eter at mm and cm magnitude), simple instrumentation and easy 
deployment make this modest design of potentiometric sensors advan
tageous over other analytical techniques (e.g., biomimetic, colorimetric, 
voltammetric and conductometric sensors) [3,4]. However, the 
commonly approach for depositing S-ISM onto the substratum electrode 
surface (e.g., graphite) is manual drop-cast using a solution of diluted 
cocktail containing ionophore and polymer matrix [5–7], which poses 
several problems such as sensor material waste, uncontrollable mem
brane thickness (100–200 μm), loose contact between sensing mem
brane and electrode surface, and resulting in long response time (e.g., 
>20 s) and poor stability (e.g., >3 mV/h) [8,9]. Therefore, a 

less-material-consuming, uniform, consistent and reproducible 
approach is urgently needed for depositing ultra-thin (thickness: <5 μm) 
S-ISM in order to advance the sensor performance, especially for accu
rate monitoring in water and wastewater. 

Several new deposition approaches have been attempted to enhance 
the coating quality of S-ISM. Spin-coating was applied to uniformly 
deposit the K+ selective cocktails onto the electrode (e.g., glassy carbon) 
[10], but the spinning step swept away most cocktail after deposition, 
resulting in material waste. Dip coating was developed by dipping one 
end of the conductive thread in the ion-selective cocktail to form 
membrane [11], but the membrane thickness suffered from poor 
reproductivity (R2 < 0.9). In contrast, electrospray approaches that 
utilize the Coulombic dispersion of droplets can achieve an ultra-thin, 
reproducible, and uniform membrane [12]. Compared with 
spin-coating and dipping, the additive electrospray technique can pro
duce thin films with exceptional control of membrane thickness [13]. 
Electrospray has been used for mass spectrometry analysis [14], 
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deposition of organic thin film and biomolecules (e.g., photosynthetic 
organisms, proteins and DNA) onto Light-emitting diode (LED) devices 
[15] and conducting oxide glass slide [16], deposition of nanoparticles 
onto gas sensors (e.g., Co3O4 nanoparticles acetone gas sensor [17], 
nanostructure graphene oxide gas sensor [18]), and in various mem
brane fabrication and modification. Especially, the use in membrane 
applications strongly unveils the capability of electrospray to create 

ultra-thin films (even those far less than 1 μm in thickness) that are 
defect free. Such a benefit could have value in the preparation of S-ISM 
sensors which, up until now, has never deployed electrospray in 
fabrication. 

The breakthroughs of this study lay in advancing the membrane 
characteristics of S-ISMs through electrospray printing technology and 
systematically determining the impacts of membrane properties on the 

Fig. 1. (a). The fabrication process of electrospray S-ISM. (b). The final droplet size and the splash diameter of the electrosprayed droplets. Mitigated water layer 
formation and enhanced ionophore distribution in the (c) electrosprayed S-ISM sensor compared with the regular (d) drop-casting S-ISM sensor. (e). Streamline 
diagram of the ion diffusion and membrane response model. 
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sensor performance in water and wastewater monitoring. Specifically, 
different layers of the diluted ISM cocktails were electrosprayed onto the 
carbon electrode surface to achieve a thin membrane for enhanced 
member morphology and sensor performance. Due to the small droplet 
size (Fig. 1a), the S-ISM thickness was expected to be thin and control
lable in thickness by the tens of nanometers. By lessening the cocktail 
concentration and reducing the membrane thickness, the material cost 
of S-ISM sensors is expected to be less than $1 persensor. Furthermore, 
an innovative ion diffusion model in the phase of membrane was 
developed in this study to elucidate the correlation between the sensor 
response time and the S-ISM membrane thickness, which can be care
fully controlled using this method. Understanding gained from this 
model could immensely facilitate the determination of optimal thickness 
of the thin membrane and accelerate membrane fabrication using elec
trospray technology. Additionally, since most solvent evaporated during 
its travel toward the sensor surface, electrosprayed layers could achieve 
better surface affinity with the electrode surface than the drop cast 
cocktail [19]. Therefore, the electrosprayed ISM was expected to 
strengthen the membrane adhesion with the carbon electrode [20], 
mitigate the formation of water layer between the sensing membrane 
and electrode, and thus alleviating the sensor reading (mV) drift and 
enhancing data accuracy of monitoring in real-world water and 
wastewater. 

Built upon the ammonium (NH4
+) S-ISM sensor platform that we 

have developed for wastewater monitoring [1], five tasks were carried 
out in this study. First, the ultra-thin S-ISM (thickness: 1 μm) was 
fabricated using the electrospray printing technology, and the mem
brane thickness was determined through the cross-section of SEM 
observation. Second, the sensitivity and accuracy of the ultra-thin 
electrosprayed S-ISM sensors were examined and compared with the 
regular drop-casting sensors. Third, the ion diffusion model in the phase 
of membrane was established to relate membrane thickness with the 
sensor response time to different concentrations. Fourth, the mecha
nisms of the electrosprayed membrane to reduce water layer formation 
were explored using adhesion tests and water layer tests. Fifth, the 
practical accuracy and mechanical stability of the ultra-thin electro
sprayed S-ISM sensors were examined continuously in real-world 
wastewater for 14 days, during which the S-ISM sensor morphology 
was characterized and correlated with the sensor performance. 

2. Materials and methods 

2.1. Fabrication of S-ISM NH4
+ sensors using drop-casting and 

electrospray methods 

The sensor substrate (length: 3.5 cm, width: 1.5 cm, thickness: 0.1 
cm) was fabricated using screen-printing (eDAQ, ET083). The 200 mg 
NH4

+ ISM cocktail was prepared by dissolving ammonium ionophore I 
(6.9% weight by weight, w/w; nonactin, Sigma-Aldrich), plasticizer 2- 
nitrophenyloctylether (NPOE, 59.6% w/w, Sigma-Aldrich), and potas
sium tetrakis(4-chlorophenyl)- borate (0.7% w/w, Sigma-Aldrich, 
served as cation exchanger), and poly(vinyl chloride) (PVC, 32.8% w/ 
w, high molecular weight, Sigma-Aldrich, served as the polymer matrix) 
in 5000 μL of tetrahydrofuran (THF, ≥99.5%, Sigma-Aldrich) and then 
mixed ultrasonically for 60 min. In the drop-casting approach previously 
reported [1], 15 μL NH4

+ ISM cocktail was carefully drop-casted onto 
the surface of the carbon-based working electrode (radius: 2.5 mm) 
using a single channel pipette, and then dried at room temperature over 
48 h under N2 and a lightless environment to form drop-casting S-ISMs. 
Here, the mechanism of S-ISM ammonium sensors relied on the selective 
affinity of the ionophore for targeted NH4

+ ions [1]. This affinity drives 
the diffusion of NH4

+ ions into the S-ISM membrane, causing the po
tential (mV) change in the charge state of the electrodes. This potential 
change followed the rule of electrochemical Nernstian slope (ΔE =
2.3026RT

zF ), which is closely related with the absolute temperature, 

Faraday constant, gas constant, and the valency of the targeted ions, but 
is not corresponded with the density of ionophore in the S-ISM sensor 
[21,22]. 

In the electrospray process, the sensor substrate was attached to the 
drum rotating at 14 rpm, and then the cocktail in the syringes was 
sprayed at a fixed flow rate of 3.9 mL/h onto the carbon-based electrode 
(Fig. 1a). The cocktail was extruded out of the needle tip, which was 
mounted on the plastic holder with a tip-to-drum distance of 4.5 cm 
[19]. The positive voltage applied on the needle tip was set at 6.6 kV 
provided by a high-voltage power source [19]. These parameters were 
maintained for electrospraying different batches of cocktails since the 
spray parameters always depended on the solvent properties at the low 
solute concentration. Consequently, by forming the spray pattern in 
cone and jet mode, the spray comprising the finest droplets was 
deposited onto the sensor surface as a circular deposition area, which 
finally integrated into a thickness-controllable thin layer (Fig. 1b). The 
stage carrying two needles was mounted on a code-driven screw slide to 
move back and forth along the drum axial direction. The needles were 
rastered along the length of the drum by a Velmex controller at a speed 
of 350 μm/s for 16 cm and then returned to the original position if more 
than one layer was required [13]. The electrospray process was con
ducted at 23 ◦C and 16% relative humidity to maintain uniform solution 
viscosity [23]. After the S-ISM membrane was electrosprayed onto the 
carbon electrode, the sensor was dried at room temperature over 48 h 
under N2 and a lightless environment to form the S-ISM. Different 
thicknesses of S-ISM were attained by adjusting electrospray layers (5, 
15, 25, 35, 45, 55, 65, and 75 layers). A minimum of 5 layers were 
required to form an integrated layer of S-ISM and fully cover the carbon 
electrode surface. Thereby, the thinnest S-ISM was 5-layer membrane, 
and an interval of 5 layers was used to fabricate the electrospray layers 
with different thicknesses (e.g., 5, 15, 25, 35, 45, 55, 65, and 75 layers). 

2.2. Thickness measurement of the S-ISM sensors 

The S-ISMs fabricated with electrospray and drop-cast were indi
vidually cut into circle-based membrane samples (radius: 2.5 mm) using 
a scissor. These samples were then submerged into the liquid nitrogen 
for approximately 30–60 s and immediately taken out to be fractured to 
expose a clean edge for imaging. Subsequently, these semicircle-shaped 
samples were adhered onto copper conducting tapes and fixed on the 
sample stages to allow the cross-sectional observation. These S-ISM 
samples were characterized using a scanning electron microscope (SEM, 
FEI Nova NanoSEM 450) at an accelerating voltage of 10.0 kV, after 
sputter-coating with gold-palladium layer (Polaron E5100 Sputter 
Coater) for 2 min. The average thickness of S-ISM was determined using 
the FIJI (ImageJ) software. 

2.3. Characterization of the S-ISM sensors 

For sensor calibration, the S-ISM sensors fabricated with electrospray 
and drop-casting methods were individually submerged into the 1 mg/L 
NH4Cl water solution (100 mL). The solution was continuously stirred at 
100 rpm via Thermolyne Cimarec-top stirring plate. Subsequently, the 
NH4 concentration was sequentially increased from 1 mg/L to 2, 4, 8, 16, 
32–64 mg/L by adding 100 g/L concentrated NH4Cl solution. The 
reading (mV) of the NH4

+ S-ISM sensor was recorded at the interval of 
0.1 s using a multichannel electrochemical workstation (CHI 660D 
potentiostat). 

A water layer test was the standard method towards S-ISM sensors to 
verify the water layer formation between the S-ISM and electrode sur
face [24], and thus it has been used as the indicator to assess the S-ISM 
sensor stability by alternately immersing into primary and interfering 
ion water solution (Fig. 1c and d) [25]. Specifically, the S-ISM sensors 
fabricated using electrospray and drop-casting were simultaneously 
immersed into the primary ion solution (NH4Cl, 0.1 M) for ~7200 s to 
obtain an equilibrium with the solution. Subsequently, both sensors 
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were switched into the interfering ion solution (NaCl, 0.1 M) for ~7200 
s to ensure interfering ions to transport through the membrane and 
achieve a new equilibrium. Finally, these two sensors were taken back to 
the primary ion solution (NH4Cl, 0.1 M) and submerged for another 
~7200 s to equilibrate with the solution. The entire process of water 
layer test was continuously recorded using a multichannel electro
chemical workstation (CHI 660D potentiostat) to obtain the potential 
readings (mV) of both sensors at the interval of 10 s. 

The adhesion test of S-ISM NH4
+ sensors was performed using a 

transparent tape (Gorilla Tape) to tear up the S-ISM membrane from the 
carbon-based working electrode of the sensor, as previously reported 
[25]. Both electrospray and drop-casting sensors were immersed into the 
water solution for 7 days before the adhesion test. Specifically, a 
Gorilla™ tape was first stuck onto the S-ISM membrane surface for 30 s 
and then rapidly pulled off from the membrane. The membrane would 
be teared up onto the tape if the adhesion between the membrane and 
the electrode is weak, while the membrane would stay on the electrode if 
this adhesion between the membrane and the electrode is strong. 

Electrochemical impedance spectroscopy (EIS) was performed to 
compare the resistance of the S-ISM fabricated with electrospray and 
drop-casting. The EIS measurement was conducted in 0.1 M KCl solu
tion. The results were recorded in the frequency range from 100 kHz to 
0.1 Hz using an excitation amplitude (ΔEac) of 10 mV. Additionally, 
these data were fitted based on the equivalent circuit models in the 
ZSimpWin software. 

2.4. The model of response time and membrane thickness 

To determine the response time under the changes of concentration, 
the S-ISM sensors fabricated using the electrospray and drop-casting 
methods were simultaneously submerged into the 1 mg/L NH4Cl 
water solution (100 mL) for 30 s. The solution was continuously stirred 
at 100 rpm via Thermolyne Cimarec-top stirring plate. Subsequently, 60 
μL of 100 g/L concentrated NH4Cl solution was added into the NH4Cl 
water solution. The reading (mV) of the NH4

+ S-ISM sensors was 
recorded at the interval of 0.1 s using a multichannel electrochemical 
workstation (CHI 660D potentiostat). The response time was defined as 
the time required for the sensor readings (mV) to change from its initial 
steady state to the final steady value. 

In order to elucidate the relationship between the S-ISM sensor’s 
response time and membrane thickness, a sensor response model was 
developed based on the ion diffusion process in the phases of the 
membrane (Fig. 1e) [26]. This model included the finite division of the 
membrane phase for calculating the concentration of the main ion in 
each divided layer of the membrane, which was described as Eq. (1): 

C(t + Δt) = Cj(t) +
{

Cj−1(t) − Cj(t)
} dt

d2z
⋅ D −

{
Cj(t) − Cj+1(t)

} dt
d2z

⋅D (1)  

Where dz is the thickness of the elementary layers in the membrane, D is 
the diffusion coefficient, Cj(t) is the concentration of the main ion at the 
instant of time t in layers j of the sensing membrane, Δt is the time 
increment used in equations, so, ​ V(t +Δt) is the diffusion velocity of the 
main ion at the next instant of time t + Δt. The boundary condition was 
set equal to the solution concentration (Csolution) at membrane surface 
and the concentration (C0 = 0) at the interface between the membrane 
and electrode at the initial state (t = 0). Therefore, based on continuous 
input of the membrane diffusion process, the equation can be calculated 
to Eq. (2): 

C(z, t) =
Csolution

2
⋅erfc

(
z

2
̅̅̅̅̅
Dt

√

)

(2) 

Based on the relationship between the concentration, membrane 
layers and time, the concentration variation with the increment of time 
can be described as Eq. (3): 

C(Δt) = C(z, t) =
Csolution

2
⋅ erfc

(
(z + Δz)

2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
D(t + Δt)

√

)

−
Csolution

2
⋅erfc

(
z

2
̅̅̅̅̅
Dt

√

)

(3) 

According to the concentration variation rate and base response time 
(t0) for electrospray S-ISM, we could subsequently obtain the relation 
between the response time and membrane thickness in Eq. (4): 

Rt = t0 +
1

C(Δt)
= t0 +

1
Csolution

2 ⋅erfc
(

(z+Δz)

2
̅̅̅̅̅̅̅̅̅̅̅
D(t+Δt)

√

)

− Csolution
2 ⋅erfc

(
z

2
̅̅̅̅
Dt

√

) (4) 

According to Eq. (4), the membrane response model was plotted 
using the python code (Text S1) to explore the response acceleration of 
the thin membrane fabricated by electrospray technology. 

2.5. Continuous tests of the S-ISM NH4
+ sensors in real-world wastewater 

The accuracy and mechanical stability of the electrosprayed and 
drop-cast S-ISM NH4

+ sensors were examined by immersing both sen
sors into the parafilm sealed beakers containing real-world wastewater 
taken from the effluent of the UConn wastewater treatment plant 
(Table S1) and continuously monitoring for 14 days. The potential 
readings (mV) of both sensors were individually recorded every 30 s 
using an electrochemical workstation (CHI 660D). Subsequently, all 
potential readings (mV) were converted to ammonium (NH4

+) concen
tration (mg/L) using the calibration results over 14 days. All the mea
surements were triplicated, and the average values were calculated. The 
accuracy of the sensor was validated by measuring the NH4

+ concen
tration of the wastewater in the beaker using the dimethylphenol 
method (TNT 835/836) with a Hach DR2800 once per two days 
throughout the 14-day period. The sensor surface morphology was 
observed using a SEM before and after the 14-day test in wastewater, 
following the protocols described previously [25]. 

3. Results and discussion 

3.1. Thickness determination of electrosprayed S-ISM sensors 

The cross-sectional SEM images of the S-ISM membranes fabricated 
using different electrospray layers (5, 15, 25, 35 and 45 layers) (Fig. 2a) 
illustrated that the membrane thickness increased with the number of 
electrospray layers, with the thickness of the S-ISMs from 5, 15, 25, 35 
and 45 layers as 1.05 ± 0.14 μm, 3.03 ± 0.17 μm, 5.07 ± 0.44 μm, 6.78 
± 0.90 and 9.16 ± 0.51 μm, respectively. Interestingly, an excellent 
linear relation (R2 = 0.9983) was attained with a slope of 0.1987 be
tween the membrane thickness and the number of layers (Fig. 2b), 
indicating a mean thickness of 198 nm was achieved per layer. Control 
of thickness per layer was evidently consistent and reproducible in 
electrospray. This exceptional thickness control was determined by the 
final droplet size and the splash diameter of the electrosprayed droplets 
(Fig. 1b). Specifically, the final droplet size was the size of the aerosol 
drops when it arrived at the substrate surface and the splash diameter 
was defined as the size of the droplet pattern after it hit the substrate. 
Based on the Gañán-Calvo model [27], these two parameters could be 
minimized by reducing the flow rate of the solution, expanding the 
tip-to-drum distance and raising the applied voltage potential. Lower 
flow rate could result in smaller droplet size during its travel, and 
increasing the tip-to-drum distance and voltage meant more evaporation 
of solvent as it travelled through the air. We adjusted the tip-to-drum 
distance, the flow rate of the extruded solution and the voltage 
applied on the nozzle tip in order to maximize the spray angle (Fig. 1a). 
This guaranteed a homogeneous and stable deposition of the polymer on 
the substrate (the carbon electrode in this study), which was reflected as 
reproducibility and consistency of membrane thickness via this elec
trospray technique. 

More importantly, through electrospray technique, the S-ISM 
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thickness can be reduced to as little as 1.05 ± 0.14 μm (~1 μm), which 
was far thinner than the S-ISM sensors reported. Most traditional drop- 
casting S-ISM was around 200 μm [28], such as a lead (Pb2+) selective 
membrane with the thickness of ~235 μm based on 
Diazadibenzo-18-crown-6 ionophores [29] and ~90 μm thick potassium 
(K+) ion selective membrane over poly(3,4-ethylenedioxythiophene) 
(PEDOT) solid contact [30]. A series of ion selective membrane with 
the thickness of ~50 μm was developed in the microfluidic chip [31]. 
The thinnest S-ISM achieved using drop casting in our previous study 
was 25.45 ± 2.98 μm (Fig. 2a) [32]. Therefore, the ~1 μm membrane 

thickness obtained using electrospray was expected to greatly reduce lag 
time for sensor response. 

3.2. Sensitivity, accuracy and stability improvements of the 
electrosprayed S-ISM sensors 

Sensitivity is a critical index to evaluate the sensor performance in 
water and wastewater [33]. As a potentiometric device, S-ISM sensors 
have a limitation of sensitivity due to the Nernst logarithmic depen
dence (ΔE = 2.3026×RT

zF log(c)) between potential (mV) and concentration 

Fig. 2. (a). The cross-sectional SEM images of S-ISM membranes fabricated from different electrospray layers (5, 15, 25, 35 and 45 layers) and drop-casting. (b). The 
relationship between S-ISM thickness (μm) and number of electrospray layers. 
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(mg/L) [34]. For example, 1 mV potential difference means a ~4% 
variation in ion concentration for the monovalent ion (e.g., NH+

4 , NO−
3 ) 

[34]. Thereby, high sensitivity is particularly crucial for S-ISM sensors in 
water and wastewater monitoring where the concentration interval is 
relative narrow (e.g., <0.5 mg/L). Here, S-ISM sensors were examined in 
ammonium solutions ranging from 1 to 64 mg/L, i.e., spanning typical 
ammonium concentration for municipal wastewater [35]. According to 
the Nernst equation conversion, this ultra-thin electrosprayed S-ISM 
sensor (~1 μm) not only exhibited the high Nernstian slope of 55.28 
mV/dec, but also possessed the excellent linear response (R2: 0.9998) 
(Fig. 3a). This performance considerably exceeded the S-ISM sensors 
previous reported, such as polyaniline and poly(o-phenyl
enediamine)-modified S-ISM sensor (54.99 mV/dec, R2 = 0.995) [36], 
multi-walled carbon nanotubes (MWCNTs)-based S-ISM sensor (55.1 
mV/dec, R2 = 0.997) [37], and regular drop-casting S-ISM sensor 
(51.307 mV/dec, R2 = 0.9997, Fig. 3b). For potentiometric selective 
membrane sensors, the measured potential (mV) was closely related to 
the surface chemisorption of the sensing membrane, without the need 
for extensive transmembrane material transport [24]. Thereby, the 
sensitivity (Nernst slopes) of S-ISM sensors highly depended on the 
distribution of S-ISM membrane materials (e.g., ionophore, Polyvinyl 
Chloride (PVC)). Here, the EDS image of electrosprayed S-ISM surface 
(Fig. 3c) clearly displayed the more evenly distributed elements (e.g., 
Chloride, the main component in PVC as the ionophore supporting 
matrix [24]) than the drop-casting counterpart (Fig. 3d), confirming the 
prominent performance of the electrosprayed sensors in water 
monitoring. 

Furthermore, the S-ISM sensors can suffer from reading (mV) drift 
caused by water layer formation between the deposited S-ISM mem
brane and the carbon electrode (Fig. 1c) [38], which severely de
teriorates the reading accuracy for long-term continuous monitoring. 
The water layer test was performed to assess such water layer formation 
after immersing alternately in NH4Cl and NaCl solutions for 21,600 s. 
The drop-casting sensor exhibited a clear positive potential drift of ~42 
mV, when the solution was changed from NH4

+ to Na+ and then a 
negative reading drifts (mV) also of ~19 mV when returning from Na +

back to NH4
+ (Fig. 4a). This immense reading drift (>3.3 mV/h) 

evidently proved the water layer formation between the drop-casting 
membrane and electrode surface. In this case, the ion-to-electron 
transducer was considered to fail partially [39]. As the water layer 
continued to spread cross the interface of the membrane and electrode, 
the adhesion between the membrane and electrode might be further 
destroyed, finally resulting in mechanical failure by delamination 
(Fig. 1c) [40,41]. On the other hand, the ultra-thin electrosprayed S-ISM 
sensor presented more stable potential variations of ~4 mV in the water 
layer tests when switching from the Na + solution to the NH4

+ solution 
at the same time scale (21,600 s) (Fig. 4a). This stability (potential 
variation: 0.66 mV/h) was even comparable to previous water-repellent 
studies using a much more complex configuration of PEDOT (poly(3, 
4-ethylenedioxythiophene)) [30], graphdiyne oxide [42] or polymer/
carbon nanocomposites [43] as the solid contact. The minimization of 
water layer formation was mainly attributed to the enhancement of 
S-ISM adhesion to the carbon electrode (Fig. 1d), which was further 
validated by tearing the membrane from the electrode surface using a 
scotch tape (the inserted images, Fig. 4a). After being immersed in a 
water solution for 7 days, the drop-casting S-ISM membrane was wholly 
teared up by the tape, while the electrosprayed membrane was still firm 
on the electrode surface and nearly kept its intactness during the 
adhesion tape test. Because each electrospray printing layer only 
deposited a tiny amount of S-ISM polymer solute on the carbon electrode 
surface, the next layer deposited onto the previously printed layer 
carries certain amount of excessive evaporated solvent (e.g., tetrahy
drofuran), which redissolves the previously printed layers and conse
quently enhances the affinity of the S-ISM to the electrode (Fig. 4b) [20]. 
Therefore, this ultra-thin electrosprayed S-ISM sensor effectively mini
mized the water layer formation and suppressed the membrane delam
ination, and thus successfully alleviating the reading (mV) drift and 
enhancing the sensor reading stability. 

3.3. Response acceleration of electrosprayed S-ISM sensors 

Response time indicates how quickly a monitoring system can 

Fig. 3. Sensitivity and accuracy of ultra-thin electrosprayed S-ISM sensor (a) and regular drop-casting S-ISM sensor (b). EDS images of (c) electrosprayed and (d) 
drop-casting S-ISM surface (Selected element: chloride). 
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respond to a change of the test solution. In this study, the ultra-thin 
electrospray S-ISM sensor noticeably exhibited a faster response (9.2 
s) than the drop-casting sensor (22.5 s) after 60 μL NH4Cl solution was 
introduced to the solution (Fig. 5a). In fact, this response time (9.2 s) was 
faster than other S-ISM sensors reported, including the modified BGO/ 

AlFu MOF (boron doped graphene oxide-aluminum fumarate metal 
organic framework) nano-composite ion-selective electrode (~13 s) 
[44], noble metal nanostructured layered Li+ ion selective electrode 
(~15 s) [45], and polyaniline-coated benzene sulfonate ion selective 
electrode (~20 s) [46]. Undoubtedly, this rapid response was attributed 
to the low thickness (1 μm) of S-ISM, which could be explained by the 
response model based on the diffusion process in the phases of the 
membrane (Eqs. (1)–(4)) [26]. In this model, the finite difference 
method was used to divide the membrane phase into a number of layers 
of finite thickness (Fig. 1e, Eq. (1)). The concentration profile between 
the next layers was considered as linear response due to its extremely 
small (0.005 mg/L) variations. This sufficient small concentration pro
file ensured the accuracy and precision of the model results. Therefore, 
the model simulation data (blue dots, Fig. 5b) almost covered all of the 
experimental data (black dots, Fig. 5b) with a high R2 value (R2 > 0.85), 
demonstrating an excellent fitting for the electroporated S-ISM sensors’ 
response with different thicknesses (1–15 μm). Comparatively, previous 
sensor models (e.g., Controlled-Potential Membrane Response Model 
[47], Time-Dependent Diffusion Model for electrode response [48]) 
cannot divide the membrane phase till to such small (<0.01 mg/L) 
profiles, since the range of their fitting experimental results were broad 
(>100 μm) and difficult to sustain consistency, which resulted in the low 
R2 value (R2 < 0.5) towards the model fitting and was unable to truly 
characterize the relationship between the sensing membrane and the 
response time in such thin S-ISM thickness range (1–15 μm). Conversely, 
our model clearly illustrated that a shorter ion diffusion distance in the 
electroporated S-ISM phase (1–15 μm) could facilitate the ion diffusion 
process when the primary ion concentration varied in the water solu
tion. Besides, the Nyquist plots of Electrochemical Impedance Spec
troscopy (EIS) (Fig. 5a) exhibited the lower resistance (14.5 kΩ) of this 
ultra-thin electrospray S-ISM compared with drop-casting S-ISM resis
tance (37.6 kΩ), confirming the faster ion diffusion in the electrosprayed 
S-ISM polymer matrix and the shortened response time for water 
monitoring. 

3.4. Continuous monitoring of wastewater for 14 days using 
electrosprayed S-ISM sensors 

Continuous performance of the ultra-thin electrosprayed and drop- 
casting NH4

+ S-ISM sensors was examined side-by-side for 14 days in 
real-world wastewater. The ultra-thin electrosprayed S-ISM sensors 
exhibited much smaller reading drifts (Fig. 6a, Δ = ∼ 10.1 ​ mV) 
compared with the drop-casting sensors (Fig. 6a, Δ = ∼ 19.1 ​ mV), 
which well corresponded to the adhesion test results (Fig. 4a) that the 
electrosprayed S-ISM sensors possessed a strong membrane adhesion 
and negligible water layer formation. The concentration readings (mg/ 
L) were converted from the potential readings (mV) recorded every 30 s 

Fig. 4. (a). Water layer test of the electrosprayed and drop-casting S-ISM 
sensors. (The inset schematics was the adhesion test of ultra-thin electrosprayed 
and drop-casting S-ISM after being in water solution for 7 days. (b). Re- 
dissolution of the previously printed layer by organic solvent during electro
spray and the consequently enhanced affinity of S-ISM to the carbon elec
trode surface. 

Fig. 5. (a). Variation of the response time of the electrosprayed sensors with the S-ISM membrane thickness. (b). The response time of the electrosprayed (membrane 
thickness: 1 μm) and drop-casting (membrane thickness: 25 μm) S-ISM sensors. (The insert diagram illustrates the impedance analysis of these two types of sensors). 
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through the calibration slopes (Fig. 6a), and verified against the stan
dard ammonium dimethylphenol method (hollow dots in Fig. 6a). The 
discrepancy between the electrosprayed S-ISM NH4

+ sensor results (blue 
line, Fig. 6a) and the validation results was less than 2.9 mg/L 
throughout the first 10 days, while drop-casting sensor exhibited a 
visibly larger discrepancy (>7.2 mg/L) in the same period, indicating a 
much more reliable dataset provided by the electrosprayed sensor (e.g., 
excellent sensitivity (55.28 mV/dec) and accuracy (R2 = 0.9998), 
Fig. 3). Nevertheless, the accuracy of the electrosprayed sensor declined 
after 10 days, with the discrepancy higher than 4 mg/L in last two dots 
(day 11 and day 13). The SEM images showed high amounts of microbial 
cells attached onto the membrane surface (Fig. 6b-e). This surface 
fouling problem undoubtedly inhibited the permeability of NH4

+ ions 
from bulk wastewater to the sensor surface, and thus impairing the 
sensor accuracy. In our previous study, 5% of the super-hydrophobic 
poly(tetrafluoroethylene) (PTFE) was incorporated into S-ISM polymer 
matrix to enhance the sensor anti-fouling capability [32]. However, 
PTFE could not be used for electrospray in this study, since the high 
viscosity of PTFE mixture blocked the emerging jet coming out the 
needle tip, resulting in the failure of forming of fine cocktail droplets 
with a diameter of nanometers (e.g., 200 nm). In fact, traditional 
liquid-state ISM sensors cannot last in the real wastewater for more than 
24 h due to their friability and membrane fouling [49]. The commercial 
ammonium S-ISM sensors were unable to continuously monitor waste
water for ~30 min, suffered from severe reading drifting, and had to be 
taken out from wastewater every 30 min for cleaning by manually 
paper-wiping sensor surface. Although other modified ion selective 
sensors (e.g., microfluidic ammonium sensors [50], imprinted gold 
nanoparticle glycerol sensors [51] and naphthalimide-based copper 
sensors [52]) could last for 7 days in pure solution under static condi
tions, such test scenario was utterly different from the real-world 
wastewater test conducted in this study. In contrast, our electro
sprayed S-ISM sensor without anti-fouling protection performed 

remarkably in wastewater with the error of less than 2.9 mg/L after 
continuously monitoring for 10 days, revealing a great potential for 
further enhancement. 

3.5. The future studies of conquering the long-term wastewater challenges 

We have demonstrated the fabrication of ultra-thin S-ISM membrane 
(thickness: 1 μm) using the electrospray technique, resulting in 
advanced characteristics (e.g., strong adhesion between S-ISM and 
electrode, fast response, and high sensitivity) of S-ISM sensors. Tests of 
continuous monitoring in wastewater for 14 days evidently displayed 
the improvement of the electrosprayed S-ISM sensors over the regular 
drop-casting S-ISM sensors. The experimental results well corresponded 
with the simulation data of the response model that established the 
correlation between the sensor response time and the ion diffusion in the 
S-ISM polymer matrix. 

Although electrospray substantially enhanced the S-ISM character
istics and morphology, fabrication process is more time-consuming and 
costly than drop-casting due to high electricity input and motor energy 
and labor [19]. Additionally, electrospray technology could not 
augment the anti-fouling capability for S-ISM sensors (Fig. 1c), expli
cated by the deteriorated accuracy of the electrosprayed sensor after 10 
days in wastewater (Fig. 6). Conventional anti-fouling protection 
membrane (e.g., polyvinylidene fluoride ultrafiltration membrane [53], 
PVDF (polyvinylidene fluoride) composite membrane [54]) typically 
results in a thick layer being formed on the sensor surface that ultimately 
impedes ion diffusion and impairs the sensor’s response, stability and 
sensitivity. This study ushers a potential for using electrospray to deposit 
anti-fouling protection membrane onto the sensor surface to further 
enhance the sensors’ long-term accuracy and durability in wastewater. 

Fig. 6. (a) The potential readings (mV) and NH4
+ concentration results (mg/L) of the electrosprayed and drop-casting S-ISM sensors in the continuous monitoring 

test in wastewater for 14 days. (b–e) the SEM images of the sensor surface throughout the test period. 
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4. Conclusions 

Electrospray printing technology, for the first time, was successfully 
deployed in the preparation of ultra-thin solid-state ion selective mem
brane (S-ISM) sensors. According to the cross-sectional SEM images, the 
thickness of electrosprayed S-ISM was reduced to as little as ~1 μm, 
which effectively enhanced the sensor characteristics including iono
phore distribution, membrane morphology, sensor sensitivity, response 
time and accuracy. The response measurement showed the acceleration 
of sensor response from 22.5 s to 9.2 s, which was confirmed by the 
response model (R2 > 0.85) elucidating that the fast ion diffusion in the 
electrosprayed S-ISM polymer matrix shortened the response time. As 
supported by the water layer test, the strong adhesion of electrosprayed 
S-ISM highly mitigated the water layer formation between the sensing 
membrane and the electrode, and thus alleviating the reading drifts 
(mV) and enhancing the sensor stability (0.66 mV/h). The electro
sprayed S-ISM sensor performed remarkably in wastewater with an error 
of less than 2.9 mg/L after continuously monitoring for 10 days, 
exhibiting much enhanced performance then regular drop-casting S-ISM 
sensors. The success of electrosprayed S-ISM membrane in this study 
reveals a possibility of using electrospray to deposit an anti-fouling 
membrane layer onto the sensor surface in future studies to further 
ameliorate the long-term accuracy and stability of S-ISM sensors in 
water and wastewater monitoring. 
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