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preparation of medical products and 
microprocessors.[1–3] In order to obtain 
and store water of different quality stan-
dards (e.g. aqua purificata, water for injec-
tion), various disinfection strategies are 

[4–6] in use. Concerning the production 
and energy-efficient cold storage of san-
itized, pressurized water, electrochemi-
cally produced ozone (O3) is the disinfec-
tant of choice.[7,8] 

Although the stored water is allowed 
to contain minimal amounts of dis-
solved ozone ensuring sterility,[9] the 
process water should be clear of any 
oxidizing agents.[2] Consequently, a 
reliable method to monitor the con-
centration of dissolved ozone in water 
is required. However, common refer-
ence methods have shown to be rather 
inconvenient as they are based on sam-
pling and off-line analysis, typically 
including a wet chemical processing 
step followed by a spectroscopic[10–12] 

or titrimetric[13,14] determination. 
Thus, an on-line method with an 

electrochemical sensor suitable for aqueous application is de-1. Introduction 
sired in order to obtain quick and continuous readings. 

In the pharmaceutical and semiconductor industry, the use of Within the past 40 years, different amperometric[15,16] and 
sanitized ultrapure water is mandatory for the production and voltammetric[17–19] sensor systems have become the industry 

Monitoring the content of dissolved ozone in purified water is often 
mandatory to ensure the appropriate levels of disinfection and sanitization. 
However, quantification bears challenges as colorimetric assays require 
laborious off-line analysis, while commercially available instruments for 
electrochemical process analysis are expensive and often lack the possibility 
for miniaturization and discretionary installation. In this study, potentiometric 
ionic polymer metal composite (IPMC) sensors for the determination of 
dissolved ozone in ultrapure water (UPW) systems are presented. 
Commercially available polymer electrolyte membranes are treated via an 
impregnation-reduction method to obtain nanostructured platinum layers. By 
applying 25 different synthesis conditions, layer thicknesses of 2.2 to 12.6 μm 
are obtained. Supporting radiographic analyses indicate that the platinum 
concentration of the impregnation solution has the highest influence on the 
obtained metal loading. The sensor response behavior is explained by a 
Langmuir pseudo-isotherm model and allows the quantification of dissolved 
ozone to trace levels of less than 10 μg L−1. Additional statistical evaluations 
show that the expected Pt loading and radiographic blackening levels can be 
predicted with high accuracy and significance (R2adj. > 0.90, p < 10−10) solely  
from given synthesis conditions. 
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standard, leading to commonly used commercial ozone sensors, 
for example, from the Orbisphere product family as used in pre-
vious studies.[9,20] However, miniaturization and the suitability 
for adaption into an embedded system are limited and add to the 
setup cost, which is why these devices are often only installed at 
one spot within water storage systems. 
When it comes to compact setups, a widely used type of 

sensor material is based on polymer electrolyte membranes 
(PEM) containing catalytic layers of defined metal loading. 
The required noble metal surface can be obtained using dif-
ferent approaches,[21,22] including the impregnation-reduction 
technique.[23–25] Therein, Nafion acts as a solid ion exchanger 
and allows the exchange with metal cations, which are subse-
quently reduced to their metallic state. Depending on the noble 
metals and reductants used, the resulting ionic polymer metal 
composite (IPMC) can be tailored to its specific application.[26,27] 

Most commonly, these materials find their field of application 
in the detection of hydrogen peroxide,[28] dissolved and gaseous 
hydrogen[29–32] as well as gaseous ozone.[15,33–35] However, for the 
detection of dissolved oxygen species in aqueous media, only a 
few sensor systems are reported.[36–38] 

The influence of preparation parameters of such IPMCs has 
previously been discussed by Sakthivel et al.,[31] however, this has 
only been investigated in the context of hydrogen sensors. Fur-
thermore, by determining the surface characteristics of Pt elec-
trodes, correlations between the particle size and the ampero-
metric sensor response were identified. Furthermore, it has been 
reported that incorporating nanoparticles in the IPMC structure 
influences the properties of a material in the application as a po-
tentiometric sensor.[39] As the use of a supporting solution during 
the impregnation-reduction process has been reported, Pt layer 
formation might be altered by influencing the establishing equi-
libria within the ion exchange membrane from both sides.[40] 

Thus, a deeper knowledge of the structural composition is equally 
desired for the development of highly sensitive potentiometric 
ozone sensors. 
The determination of the metal loading is described in 

varying quality within the literature, as often enough a thor-
ough, comprehensible analytical procedure is not provided. 
For IPMC specimens with large dimensions, the loading is 
commonly determined gravimetrically,[24,41] while for low ab-
solute metal content a digestion in aqua regia followed by 
ICP OES analysis is favored.[42–44] In addition, the application 
of image processing after TEM analysis has been successfully 
evaluated.[40] 

This study covers the preparation of platinum-based IPMC 
sensor materials for the application as potentiometric sensors, 
suitable for the quantification of aqueous ozone in ultrapure 
water (UPW). By systematic variation of critical synthesis pa-
rameters during the impregnation-reduction process, different 
sensor materials with varying appearances are obtained. The 
prepared surfaces are thoroughly characterized regarding their 
physicochemical properties and evaluated in terms of their 
ozone-sensing characteristics. From the collected data, structure-
property relationships are identified and provide guidelines for 
the preparation of compact, tailor-made sensors using suitable 
synthesis conditions. 

Table 1. Analytical parameters for regression functions of both Pt content 
as well as dissolved ozone. For each analytical method, the upper limit 
of quantification (ULOQ), limits of detection (LOD), and quantification 
(LOQ) as well as the coefficient of determination (R2) are given and show 
satisfactory values. Additionally, the method precision is given as the co-
efficient of variation of the procedure (Vx0). 

Pt O3 

Method ICP OES radial DPD method via DPD method via 
configuration VIS spectroscopy VIS spectroscopy 

with 5 cm cuvette with 1 cm cuvette 

� / nm 370.6 510.0 510.0 

ULOQ [mg L−1] 20.0 0.12 2.4 

LOD [μg L−1] 51.3 0.9 43.1 

LOQ [μg L−1] 213.0 3.2 130.5 

R2 0.9997 0.9998 0.9994 

Vx0 [%] 2.1 1.5 2.1 

2. Results and Discussion 

2.1. Analytical Performance of Spectroscopic Determination 
Methods 

For a thorough characterization of the sensor material, the abil-
ity to accurately determine the quantity of Pt deposited per mem-
brane surface area and the concentration of O3 in UPW is cen-
tral to this study. This is especially true for the quantification of 
the metal loading as gravimetric determination approaches suf-
fer from poor sensitivity due to the low absolute weight of the 
noble metal incorporated within the IPMC. 
Hence, a more selective and precise spectroscopic determina-

tion was chosen for this study. To ensure an exhaustive removal 
of the metal layer from the IPMC electrode after digestion with 
aqua regia, the absence of Pt signals from the residual Nafion 
substrate was confirmed via X-ray fluorescence. 
The performed calibrations were described regarding their an-

alytical capabilities, which are given in Table 1. LOD and LOQ 
values were calculated using a calibration approach according to 
DIN ISO 11843-2:2006-06 and DIN 32645:2008-11. 
A wide calibration range from 20.0 mg L−1 down to just 

213 μg L−1 Pt content allows for the analysis of digested sam-
ples that originate from both heavily loaded electrode surfaces as 
well as barely coated IPMC materials. For ozone concentrations, 
a range from 2.4 mg L−1 down to 0.9 μg L−1 is suitable to reliably 
detect traces of dissolved ozone emerging after short periods of 
electrolysis operation or operational conditions involving low cur-
rent densities. It must be noted that these analytical limitations 
can only be reached when the highest grade UPW (18.2 MΩ cm 
resistivity, total organic carbon ≤ 1 μg L−1) is used, as the presence 
of natural organic matter or other reactive oxygen species may 
bear additional challenges. The calibration curves for all analyti-
cal procedures were fitted to linear functions with coefficients of 
determination R2 > 0.999 and coefficients of variation less than 
2.1 %, stressing the precision and suitability of the chosen meth-
ods. 
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Table 2. Visual appearance of a representative selection of IPMC sensor materials and their specific synthesis conditions (top view, photomontage). The 
electrode surface exposed to the impregnation-reduction process (front side, marked “f”, pointing upwards during the synthesis) is shown on the left 
half of the picture, whereas the right half of the picture refers to the rear of the electrode surface which was exposed to the supporting solution (marked 
“r”, pointing downwards). 

Specimen #10 #7 #25 

Reducing agent KBH4 KBH4 N2H4 

Reductant concentration 40 mmol L−1 200 mmol L−1 25 000 mmol L−1 (� = 80 %) 

Reduction strategy 3 × 20 min 1 × 60 min 1 × 60 min 

Pt concentration 4.5 mmol L−1 4.5 mmol L−1 2.0 mmol L−1 

Supporting solution K2SO4, 13 mmol L−1 

IPMC appearance 

Figure 1. a) SEM image of the IPMC surface which has undergone a 200 mmol L-1 KBH4 reduction step, revealing spherical and elliptical nanoparticles 
which were measured using digital image processing software (additional 400% digital zoom in the circular segment). Values represent the (longest) 
diameter of individual nanoparticles. b) For facilitated visual interpretation of the SEM/EDX image of the cross-section of the electrode, characteristic flu-
orescence energies of fluorine and platinum were colored, representing the bulk Nafion material (turquoise, 178 μm total thickness) and the incorporated 
surficial Pt layer (orange) with a thickness of ≈8 μm. 

2.2. Influence of Synthesis Parameters on the Physicochemical 
Properties of Sensor Material 

The synthesis leads to flexible IPMC sensor materials which 
vary in visual appearance, depending on the synthesis con-
ditions. All sensor materials show substantial staining of the 
underlying Nafion substrate which ranges from a translucent 
gray darkening to a solid matte black appearance on both 
sides and even to a silver-colored, mirror-like front finish (see 
Table 2). The reduced translucence of the sensor materials is ac-
companied by an increase in the perceived resistance to elastic 
deformation. 
When simply comparing the visual appearance, it becomes ap-

parent that the choice of reducing agent bears a considerable im-
pact. The use of hydrazine (N2H4) only leads to an extensively 
stained sensor material which hints at a low Pt loading. Under the 

given conditions, tetraborohydride acts as a powerful reducing 
agent[45] and leads to substantially reduced visual transparency, 
which can be completely blocked at lower reductant concentra-
tions due to the formation of a solid metal deposit on the IPMC 
surface. 
In order to obtain the morphological properties of the synthe-

sized IPMC electrodes, SEM studies were conducted. For an ex-
emplary sensor material, both the surface and cross-section are 
displayed in Figure 1. 
By observing the sensor materials at a magnification level 

of 30 000 in Figure 1a, surficial layers of structured metal de-
posits become clearly visible. Agglomerates are identified as 
spherical-shaped Pt nanoparticles via EDX with mean particle 
sizes ranging between 40 and 90 nm. This is larger than re-
ported for layers obtained under comparable conditions at el-
evated temperatures[43,46] or from recast Nafion solutions.[47,48] 
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However, this observation is only valid for sensor materials 
that have undergone a reduction using tetraborohydrides, as hy-
drazine solutions did not result in electrodes which allowed for 
the identification of individual Pt particles. Furthermore, for the 
given dataset, statistically significant smaller particle sizes are 
measured when using KCl or K2SO4 electrolytes in contrast to 
UPW. For all sensor materials, additional cross-sections were pre-
pared and evaluated. EDX analyses revealed that the applied syn-
thesis procedure leads to controlled one-sided precipitation of Pt 
particles, which can be a valuable feature for an IPMC sensor 
design. Obtained layer thicknesses are within a range of 2.2 to 
12.6 μm, which is in accordance with the results achieved by other 
researchers[40,49] although even thinner layers have been reported 
previously, partially using elevated temperatures.[41,50] Electrodes 
that were prepared with hydrazine as the reducing agent yielded 
no defined Pt layer that could be identified via SEM/EDX. This is 
because, in contrast to the anionic borohydride, hydrazine is not 
subject to Donnan exclusion[51] and can thusly undergo diffuse 
reduction reactions over the entire cross-section of the IPMC ma-
terial. 
For accurate measurements, the sensor material has to be di-

gested and is consequently destroyed during the quantification 
process. For that reason, the applicability of radiography as an 
alternative non-destructive method was evaluated to reliably ap-
proximate the Pt loading by determining the radiographic black-
ening caused by X-ray absorption. This technique makes use of 
differing material contrasts between the polymer substrate and 
the incorporated heavy metal atoms. 
After the digital reconstruction of the radiographic image, a 

gray value image is obtained. As within the 8-bit grayscale 256 
different shades of gray or black can be differentiated, this leads 
to a discrimination limit of ≈0.4%. In Figure 2 the obtained ra-
diographic blackening values are displayed with respect to the el-
emental content found after digestion and atomic spectroscopy. 
The obtained Pt loadings in this study range from 0.01 to 

1.52 mg cm−2 and comply with the range of sensor materials 
reported in the literature, which usually exhibit a noble metal 
loading of 0.1 to 4 mg cm−2.[21,41,49,52] Elevated levels of Pt load-
ing in the final product are shown to be obtained primarily by 
increasing the initial Pt concentration of the impregnation so-
lution. For the given electrodes, a corresponding radiographic 
blackening from 22.0% to 34.3% was observed. However, it must 
be noted that any contribution to an increased gray value may also 
be caused in part by incorporated elements other than Pt due to 
incomplete restoration of the initial, fully H+-loaded state during 
the work-up. For Pt loadings in the range of 0 to 0.3 mg cm−2, 
the calculated gray values exhibit considerable deviations, 
implying comparable analytical limitations as gravimetric ap-
proaches. 
When all sensor materials are considered, a coefficient of de-

termination R2 = 0.725 for a linear regression model is obtained, 
which is insufficient for analytical purposes. In contrast, when 
omitting electrodes with KCl or K2SO4 electrolytes, an improved 
R2 = 0.876 can be achieved. This allows for a reasonable, non-
destructive estimation of the absolute Pt loading, especially for 
higher loading values. While previous work on the radiographic 
determination of heavy metal contents yielded even higher R2 

values, these studies have predominantly focused on aqueous 
matrices, enabling more advanced measuring and quantification 

Figure 2. Scatter plot of averaged radiographic blackening versus mean 
Pt loading for individual specimens, determined via digestion and spec-
troscopic determination. The color scale of the data points correlates with 
the initial Pt concentration. Smaller data points represent sensor materials 
prepared with KCl or K2SO4 electrolytes whereas larger data points show 
specimens prepared with ultrapure water as supporting solution. Discrete 
group formation hints at higher Pt concentrations during synthesis also 
leading to higher elemental content in the final IPMC electrode. Linear 
trend functions were estimated for all sensor materials (dotted line) as 
well as only those IPMCs obtained using ultrapure water as a supporting 
solution (dashed line). 

methods.[53,54] Nonetheless, the proposed method may already 
be sufficient for technical applications (e.g. process and quality 
control). 
A comprehensive overview of the physicochemical parame-

ters obtained for all synthesis conditions is given in Table 3. 
For several specimens, a distinguishable nanostructured Pt layer 
could not be characterized during SEM analysis and therefore no 
value is given for layer thickness and/or particle size (denoted 
n.d.). To ensure highest accuracy for all synthesis conditions, 
the reported Pt loading values are all obtained from ICP OES 
measurements. 

2.3. Evaluation of the Performance of Synthesized IPMC 
Materials as Potentiometric Electrodes for Ozone Sensing 

Prior to a measuring sequence, all synthesized specimens were 
equilibrated for 24 h with ultrapure water, resulting in a stable 
voltage baseline (Ub) between the IPMC and the IrOx reference 
electrodes. A substantial change in voltage is observed within 2 
min after exchanging the ultrapure water with ozonated UPW, 
as dissolved ozone molecules interact with the electrode surface. 
Once the maximum voltage (Umax) is reached, it is followed by 
a slow signal decrease back to the initial voltage Ub over a time 
period of up to 10 h due to successive ozone decomposition. Ex-
posing the sensor material to solutions with higher content of 
dissolved ozone leads to a correspondingly increased sensor sig-
nal. A stable voltage baseline signal was always re-obtained over 
the measurement period of about two weeks per specimen, indi-
cating no significant irreversible changes in sensing properties 
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Table 3. Comprehensive overview of the physicochemical properties obtained for the 25 sensor materials depending on their respective synthesis condi-
tions. Sensor materials are sorted by their initial Pt impregnation solution concentration, reducing agents, reductant concentration, reduction strategy, 
and supporting solution. Mean values are given for the Pt loading leached from the electrode, radiographic blackening as well as Pt layer thickness and 
particle sizes (rounded to the nearest 5 nm). 

Synthesis parameters Measured physicochemical IPMC properties 

# Initial Reducing Initial Reduction Supporting Pt Blacke- Layer Particle 
c(Pt) agent c(red.) strategy solution loading ning thickness size 

[mmol L−1] [mmol L−1]  [mg  cm−2] [%]  [μm] [nm] 

1 10.0 NaBH4 200 1 × 60 min UPW 1.52 34.3 5.0 n.d. 

2 10.0 NaBH4 40 3 × 20 min UPW 1.10 31.9 4.5 90 

3  4.5  NaBH4 200 1 × 60 min KCl 0.66 28.3 6.7 75 

4  4.5  NaBH4 40 3 × 20 min KCl 0.39 26.0 10.2 55 

5 4.5 KBH4 200 1 × 60 min UPW 0.77 30.5 8.4 65 

6 4.5 KBH4 200 1 × 60 min KCl 0.47 30.5 7.9 45 

7 4.5 KBH4 200 1 × 60 min K2SO4 0.53 30.6 5.7 65 

8 4.5 KBH4 40 3 × 20 min UPW 0.52 27.1 4.3 70 

9 4.5 KBH4 40 3 × 20 min KCl 0.53 27.4 12.6 50 

10 4.5 KBH4 40 3 × 20 min K2SO4 0.52 27.4 2.2 75 

11 2.0 NaBH4 200 1 × 60 min UPW 0.24 23.1 7.5 n.d. 

12 2.0 NaBH4 200 1 × 60 min K2SO4 0.19 23.2 5.5 n.d. 

13 2.0 NaBH4 200 3 × 20 min UPW 0.22 23.2 8.7 n.d. 

14 2.0 NaBH4 200 3 × 20 min KCl 0.20 22.9 5.5 65 

15 2.0 NaBH4 200 3 × 20 min K2SO4 0.14 23.4 6.8 40 

16 2.0 NaBH4 40 1 × 60 min K2SO4 0.28 24.3 4.3 55 

17 2.0 NaBH4 40 3 × 20 min UPW 0.15 22.5 5.7 85 

18 2.0 NaBH4 40 3 × 20 min K2SO4 0.21 22.0 3.8 50 

19 2.0 KBH4 200 3 × 20 min UPW 0.18 27.4 7.9 n.d. 

20 2.0 KBH4 200 3 × 20 min KCl 0.23 27.6 7.4 70 

21 2.0 KBH4 200 3 × 20 min K2SO4 0.18 27.6 10.3 n.d. 

22 2.0 N2 H4 2000 1 × 60 min UPW 0.03 23.9 n.d. 55 

23 2.0 N2 H4 2000 1 × 60 min KCl 0.01 23.2 n.d. n.d. 

24 2.0 N2 H4 25 000 1 × 60 min UPW 0.05 22.7 n.d. n.d. 

25 2.0 N2 H4 25 000 1 × 60 min K2SO4 0.01 24.2 n.d. n.d. 

due to, for example, degradation effects and therefore not limit-
ing the reusability of the presented sensor materials. As an ex-
ample displayed in Figure 3a, varying ozone concentrations in a 
range of 0.07 to 0.83 mg L−1 resulted in signal responses from 75 
to 200 mV. 
In an aqueous solution, dissolved ozone undergoes a com-

plex decomposition mechanism, which is strongly affected by the 
given reaction conditions. However, there is no univocal model 
for ozone decay, hence reaction orders ranging from 1 to 2 are 
discussed in the literature.[55–57] Since the experiments in the 
present study were performed under atmospheric conditions, all 
solutions were slightly acidic (pH ≈ 5.5) and ensured that the pH-
sensitive IrOx electrode produced a well-defined reference poten-
tial. As first-order kinetics are preferably applied for acidic envi-
ronments, this approximation was chosen and yielded a fit with 
R2

adj. > 0.96. This enabled us to quantify the mean half-life of the 
unstable ozone solutions colorimetrically as 80 min, which is in 
congruence with the findings of previously reviewed studies.[55] 

Therefore, the concentration at the measured peak maximum 

) was calculated according to Equation (1) based on the �(O3)t(Umax 

measured initial ozone concentration �(O3)t = 0. 

( ) ( ) ( ) − t 
− k ⋅ t t1∕2� = � ⋅ e = � ⋅ 2O3 O3 t = 0 

O3 t = 0 

ln (2)
with t1∕2 = (1)

k 

The measured voltage differences (ΔU = U − Ub) for  max max 
these potentiometric sensors form response curves that are a 
function of the ozone concentration at peak maximum (Fig-
ure 3b). As the experimental setup only allows the observation 
of transient voltage signals, a true adsorption equilibrium can-
not be established due to successive ozone decay. Furthermore, 
ozone shows reactive adsorption, as only atomic oxygen forms a 
chemisorption layer on the Pt surface.[58] Since ozone molecules 
are not re-formed during the subsequent desorption, an equi-
librium state cannot be achieved either. Instead, a slow, kineti-
cally inhibited desorption of surface-bound oxygen atoms occurs, 
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Figure 3. a) Baseline-corrected potential curve for an exemplary representative sensor (#18). Colors indicate the sensor response to ozonated water of 
different concentrations. Higher ozone concentrations are linked to higher sensor voltages. Over the course of several hours, the signal drops back to 
the same, stable baseline level due to successive ozone decomposition even when a lower ozone concentration follows the measurement of a higher 
concentrated solution, indicating the absence of a ‘carryover effect’. b) Sensor response as a function of the calculated ozone concentration at peak 
maximum for sensor #18. Colored dots are directly derived from (a) whereas black dots represent additional data points obtained for this sensor. The 
sensor response curve is satisfactorily described by a Langmuir pseudo-isotherm. Additionally, the analytical limits for detection (light red dashed lines) 
and quantification (light gray dashed lines) are shown in terms of the electrical signal as well as ozone concentration. 

possibly as O2 due to recombination.[59] Therefore, the obtained 
response curves are only described by pseudo-isotherms. 
In order to characterize the occurring adsorption behavior, the 

Freundlich[60] and Langmuir[61] models were fitted to the exper-
imental data and compared by Akaike’s information criterion 
(AICc) for small sample sizes (Equation (2)).[62,63] Herein, N is 
the number of data points per sensor, K is the number of param-
eters within the regression model, and RSS is the residual sum 
of squares. 

( RSS ) 2K2 + 2KAICc = N ⋅ ln + 2K + (2)
N N − K − 1 

As for the vast majority of sensors lower AICc values are ob-
tained for the Langmuir pseudo-isotherm, this model seems 
more suitable to explain the sensor response curves and suggests 
that only a monolayer of adsorbates is formed on the Pt surface. 
To further account for possible deviations from a strict pseudo-
Langmuir behavior, both the Redlich–Petersen[64] and Sips[65,66] 

isotherms are also considered suitable regression models.[67] 

However, the gain in the goodness of fit does not lead to an overall 
decrease in AICc values (see Table 4) and therefore does not jus-
tify the introduction of a third regression parameter, also prevent-
ing overfitting. Hence, the Langmuir pseudo-isotherm model 
(Equation (3)) is selected for subsequent sensor characterization. 

( )( ( ) ) q ⋅ � )max ⋅ KL O3 t(UmaxΔU � O3 = f ⋅ q = ( ) (3)max et(U )max 1 + KL ⋅ � O3 t(Umax) 

Herein, qe is the relative occupancy of adsorption sites at 
pseudo-equilibrium, qmax = f ∙ qL is the adjusted maximum ad-
sorption capacity of the adsorbent (Pt surface of IPMC electrode), 
KL is the Langmuir constant related to the affinity of adsorp-
tion, and �(O3)t(Umax) 

is the pseudo-equilibrium concentration of 
the adsorbate (dissolved ozone). In the context of this study, the 

pseudo-Langmuir model assumes an approximate direct propor-
tionality between the measured sensor voltage and the pseudo-
equilibrium occupancy, which is given by the proportionality fac-
tor f in the equation above. This formal scale factor accounts 
for different physical dimensions incorporated into the equation. 
Under the assumption that qe approaches the limit of 1, the nu-
merical value of f becomes equal to qmax for every individual 
sensor. 
This assumption is supported by the typical cyclic voltammo-

gram of Pt on Nafion as a working electrode in purified water:[68] 

In the potential range where chemisorption of oxygen adsorbates 
occurs on the Pt surface (oxygen underpotential deposition), the 
observed I(U) profile can be approximated by a rectangular graph 
and thus be interpreted as a capacitor, where the amount of elec-
tric charge (given by the anodic current integral in this region) 
linearly depends on the electrode potential. As the surface cover-
age of adsorbed oxygen is proportional to the electric charge,[59] 

the assumption of linear proportionality is justified. 
For LOD and LOQ estimation, the noise of the signal baseline 

was determined to be the limiting characteristic and its standard 
deviation was quantified to �b = 2 mV, also taking the resolution 
of the measuring equipment into account. Hence, LOD (3 �b) 
and LOQ (10 �b) correspond to voltages of ΔUmax = 6 and  20 mV,  
respectively. By solving Equation (3) for �(O3)t(Umax)

, Equation (4) 
is obtained and yields individual concentration values for the dif-
ferent synthesized sensors. 

( ) ΔUmax
� O3 ) = (4)

t(Umax KL ⋅ (q − ΔU )max max 

Choosing the most suitable sensor strongly depends on the 
specific application: If ozone concentrations typically occur in the 
low μg L−1 range (i.e. low LOD values are desired), a steep cali-
bration curve with higher values for KL is preferred. On the other 
hand, if a larger dynamic range is required, then sensors with a 
lower KL value but higher qmax values should be selected. 
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Table 4. Comprehensive overview of the ozone-sensing properties obtained for the sensors listed in Table 3. AICc values were calculated for the Freundlich 
(FR), Langmuir (LA), Redlich–Petersen (RP), and Sips (SI) pseudo-isotherm models. Langmuir pseudo-isotherm regression parameters are given for 
each sensor as well as the adjusted coefficient of determination (R2adj.) and the limits of detection (LOD) and quantification (LOQ). 

AICc values Pseudo–Langmuir fit parameters Analytical parameters 

#  FR  LA  RP  SI  q KL R2 LOD LOQ max adj. 

[mV] [L mg−1] [μg L−1] [μg L−1] 

1 48.8 46.8 66.7 65.8 426 10.90 0.861 1.3 4.5 

2 35.8 31.9 49.3 49.3 281 2.48 0.971 8.8 30.9 

3 40.7 35.3 55.2 53.9 290 5.53 0.974 3.8 13.4 

4 46.9 48.1 56.8 56.8 280 5.06 0.834 4.3 15.2 

5 61.6 57.2 66.3 64.0 583 7.42 0.880 1.4 4.8 

6 52.6 52.8 58.9 58.9 357 10.03 0.890 1.7 5.9 

7 73.4 68.4 73.9 73.8 597 12.75 0.930 0.8 2.7 

8 56.2 53.2 60.3 58.6 418 2.14 0.898 6.8 23.5 

9 43.9 43.4 34.3 30.4 1023 0.79 0.793 7.4 25.1 

10 40.2 37.2 44.7 38.2 381 1.08 0.941 14.8 51.3 

11 66.2 68.0 70.1 70.1 454 13.58 0.881 1.0 3.4 

12 30.8 32.8 50.6 50.8 324 20.45 0.848 0.9 3.2 

13 50.3 44.4 64.3 64.4 567 19.41 0.959 0.6 1.9 

14 53.5 44.2 50.3 49.0 722 2.34 0.967 3.6 12.2 

15 63.5 64.9 69.4 68.9 647 11.61 0.881 0.8 2.7 

16 58.7 55.9 62.8 59.8 542 7.24 0.783 1.5 5.3 

17 48.5 48.2 56.9 56.4 351 21.82 0.891 0.8 2.8 

18 46.3 41.4 45.5 46.2 257 4.62 0.974 5.2 18.3 

19 62.0 53.6 59.7 59.6 435 12.42 0.941 1.1 3.9 

20 49.4 48.7 67.8 67.9 561 36.05 0.872 0.3 1.0 

21 57.7 51.2 55.0 53.6 621 25.97 0.974 0.4 1.3 

22 50.8 52.2 59.8 60.2 364 13.27 0.874 1.3 4.4 

23 63.8 60.6 66.9 66.2 572 6.71 0.899 1.6 5.4 

24 62.8 45.2 52.0 51.8 495 23.65 0.989 0.5 1.8 

25 49.8 45.0 64.5 65.0 686 10.94 0.958 0.8 2.7 

An overview of the pseudo-Langmuir regression parameter de-
rived from the sensor response curves as well as resulting LOD 
and LOQ values are given in Table 4. 
For most regressions, an adjusted coefficient of determination 

R2
adj. > 0.85 is achieved, indicating a sufficient description of the 

data points by the pseudo-Langmuir regression model. The cal-
culated qmax values range from 257 to 1023 mV and suggest a 
notable span in the obtained surface properties as qmax repre-
sents the upper limit for an observable change in voltage when 
all binding sites on the sensor surface are occupied by analyte 
molecules. For the parameter KL, which is linked to the energy 
of adsorption, values range from 0.79 to 36.05 L mg−1 and thus 
exceed an order of magnitude. This further implies differences 
concerning the surfaces of the individual sensors as larger KL 
values are related to stronger interactions between the adsorbate 
and adsorbent.[61] However, the obtained values for qmax and KL 
exhibit a much broader range than expected as the adsorption 
behavior is primarily a material property of Pt in the presence 
of ozone. In consequence, while the Langmuir pseudo-isotherm 
yields the most suitable fit according to the AICc criterion, it is 

indicated that other models may consider the occurring phenom-
ena more accurately. 
Considering all sensors, mean LOD and LOQ values of 2.9 

and 9.9 μg L−1 are determined, respectively. These limits en-
able confident monitoring of UPW for the application during 
pharmaceutical-grade water sanitization. 

2.4. Evaluation of General Trends between Synthesis Parameters, 
Physicochemical Properties, and Ozone-Sensing Behavior 

The aforementioned findings show that both the physicochemi-
cal and ozone-sensing properties are strongly influenced by the 
selected synthesis conditions. It would therefore be desirable 
to identify underlying correlations in order to enable tailoring 
IPMC sensors to their specific application in disinfection moni-
toring. The accurate calculation of numerical relations from the 
presented dataset bears challenges as a fractional factorial study 
design was deliberately chosen to limit high-value resources 
(e.g. platinum, Nafion). While this approach cannot resolve all 
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Figure 4. Plotting the predicted (according to Equation (6)) versus ob-
served values for the regression model of the Pt loading indicates a good 
model accuracy (R2adj. > 0.95). A step-like profile of the calculated data 
points arises from the fact that the regression model is based on a limited 
amount of input parameters and can only assume a defined number of 
levels for the given dataset (gray horizontal lines). 

higher-order interactions due to confounding factors, this can 
be considered a minor issue, as only a small proportion of all 
variables exhibit statistically significant effects (effect sparsity 
principle[69]) and main effects are more likely to be important 
than two-factor or higher-order interactions (hierarchical order-
ing principle[70]). Therefore, the study design is justified by al-
lowing the beneficial extraction of general trends from a cost-
effective screening of synthesis conditions affecting the physic-
ochemical and sensing properties. 
Both the direct correlations between synthesis parameters and 

sensing properties as well as correlations between physicochemi-
cal properties and sensing properties were considered. However, 
valid models were only established for certain properties, with 
the best results found for Pt loading, demonstrated in Figure 4. 
To verify whether all prerequisites for the multiple linear re-

gression analysis are given, both the normal distribution and ho-
moscedasticity of the residuals are evaluated. For the Pt load-
ing a Box–Cox transformation (Equation (5)) of the dataset had 
to be performed.[71] As a result, only a few data points exhibit 
large residuals, that is, for a majority of data points there are only 
minor deviations between the measured values and the modeled 
data. This can also be seen in Figure 4 as the overall model shows 
a good agreement between observed and predicted data (R2

adj. > 
0.95). This is especially remarkable as the refined model merely 
requires information about the initial Pt concentration, the se-
lected reducing agent, and the applied reduction strategy (Equa-
tion (6)). In turn, a reliable prediction of Pt loadings may be used 
to prepare IPMCs with defined physicochemical properties even 
beyond sensing applications by employing the presented model. 

( )� 
Pt loading − 1 

Pt loading = with � = 0.545 (5)trans � 

Pt loadingtrans = 0.174 + 0.598 ⋅ c(Pt)init − 2.391 

Red. agent Red. strategy
⋅ − 0.580 ⋅ (6)

1 for  N2H2 1 for  3  × 20 min 
| 0 for  NaBH4, KBH4 | 0 for  1  × 60 min 

Furthermore, it can be observed that the calculated data points 
form horizontal lines, resulting in a step-like profile. This is a di-
rect consequence of the underlying regression model consisting 
of just three input parameters which were varied on only 2 or 
3 defined levels for the given dataset. As a result, no more than 
12 different levels of Pt loading can be extracted from the regres-
sion model. Yet, this degree of differentiation is already sufficient 
for a reasonable estimation of the metal loading, merely on the 
basis of given synthesis conditions and without the necessity of 
performing any measurements on the manufactured products. 
Other synthesis variables, such as, for example, the concentration 
of the reducing agent, have shown to be less important as they 
were not limiting the reduction process and were subsequently 
not implemented into the refined regression model for Pt load-
ing. 
An overview of all successfully established regression models 

is given in Figure 5. Only those models are included that achieved 
a p < 0.05 and R2

adj. > 0.50 to ensure sufficient model adequacy 
and significance for a general estimation of physicochemical or 
sensing properties. In this context, the p-value indicates the prob-
ability that the identified correlation was randomly obtained. Just 
four of all evaluated and refined models fulfill these criteria, the 
remainder led to insufficient fits or poor significance. In conse-
quence, no significant models were established to describe the 
expected sensing properties merely based on given synthesis con-
ditions. All obtained regression models are purely based on main 
effects; two-factor interactions were considered but none were 
identified as being statistically significant. In general, factors with 
p < 0.05 were typically not included in the model refinement 
unless explicitly stated. Equations for the remaining regression 
models are given in Supporting Information. 
For the radiographic blackening, a statistically significant and 

adequate model was obtained. In contrast to the Pt loading re-
gression model, the choice of either NaBH4 or KBH4 shows a 
statistically significant distinction with respect to the blacken-
ing, which is a direct result of different mass attenuation coef-
ficients of remaining cations in the Nafion structure. A rather 
decent model was also obtained for the Pt layer thickness. With a 
p-value of 0.11, the use of a supporting solution shows a formally 
insignificant effect, however, omitting this minor factor from the 
regression has been shown to degrade the quality of the model 
substantially. 
The presented dataset yielded no valid regression models be-

tween the synthesis parameters and the sensing properties and 
therefore does not allow for a direct correlation. Apparent pat-
terns in some Q-Q plots, irrespective of the choice of variables, 
indicate that there may be further, complex influencing factors 
that have not been considered so far. In a related context, Sak-
thivel et al. have previously indicated a relationship between sur-
face morphology and the choice of borohydride salt.[31] How-
ever, with KL (expressing the pseudo-Langmuir curvature), a sin-
gle structure-property relationship is successfully described by 
a statistically significant model. Although blackening and Pt 
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Figure 5. a) Heatmap of p-values for all multiple linear regression models that yielded sufficient model adequacy and significance. The color gradient cor-
responds to the p-values, with blue tiles of varying intensity referring to factors of higher significance (p < 0.01). b) Adjusted coefficients of determination 
for the obtained valid regression models. For Pt loading and blackening R2adj. > 0.90 were achieved. 

loading were expected to describe somewhat redundant infor-
mation, both factors contribute significantly to the model, while 
layer thickness was excluded during model refinement due to in-
significance. Furthermore, particle size is another contributing 
factor to this model; however, since missing values had to be con-
sidered, this resulted in a loss in statistical power due to fewer 
data points for model refinement. Yet, removing the particle size 
from the regression model would also lead to lower R2

adj. values. 

3. Conclusion 

In this study, platinum-based IPMCs were synthesized using a 
simple laboratory-scale setup and characterized with respect to 
the intended use as potentiometric sensors for the quantification 
of dissolved ozone in UPW monitoring. Depending on the se-
lected synthesis parameters the obtained sensor materials vary 
greatly in appearance and feature nanostructured Pt surfaces 
with particle diameters in the range of 40 to 90 nm. The forma-
tion of contiguous Pt layers only occurred when using tetraboro-
hydrides as reducing agents, however, IPMCs prepared with hy-
drazine also led to sensitive ozone sensors despite possessing low 
Pt loadings. 
As common non-destructive determination methods for the 

individual metal loading are limited due to gravimetric resolu-
tion, a radiographic approach was evaluated and allows for a suf-
ficient estimation of the Pt content. However, for low Pt loadings, 
other incorporated elements may contribute considerably to the 
overall X-ray absorption, impairing the accuracy of the method. 
Sensor response properties in ozonated water can be conclu-

sively described by Langmuir pseudo-isotherms in the potentio-
metric measuring setup. Mean LODs of ≈3 μg L−1 were enabled, 
qualifying the materials as suitable sensors in pharmaceutical 
systems for cold water storage. 

Figure 6. Schematic model of the experimental setup: The reagent bottle, 
its threaded cap, and two sealing discs allow the Nafion membrane to be 
contacted simultaneously by both the Pt solution or the reducing solution 
from above and the supporting solution from beneath. 

Even from a limited dataset, it is possible to accurately cor-
relate selected physicochemical properties with given synthesis 
conditions, however, sensing properties did not yield satisfying 
regression models. An assumed influence by the supporting so-
lution was only identified for the Pt layer thickness. By improving 
the microscopic analysis of particle sizes, especially for smaller 
nanoparticles expected when using hydrazine as a reductant, 
modeling of sensing properties might be achievable at a higher 
accuracy and significance. 
The obtained results contribute to prospective targeted synthe-

ses of cost-effective IPMC sensor materials with defined physico-
chemical properties and enable miniaturized sensor setups that 
can be retrofitted at various key spots within UPW storage sys-
tems. Future studies can improve by a larger range of differ-
ent sensors, which would be more feasible with an optimized 
sensor design to require even fewer resources. Furthermore, 
the observed sensor response and reset times limit monitoring 
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Figure 7. Scheme of the experimental setup for a) ozonated water production and b) arrangement of the SMEA. 18.2 MΩ ultrapure water from the 
reservoir is pumped through both the anodic and cathodic half-cells of the PEM electrolyzer, with oxidants being dissolved into the anaolyte. Gaseous 
ozone from the analytic cycle is bubbled into a separate ultrapure water reservoir to provide solutions with ozone as the only oxidant present. c) The 
ozonated water is then pumped along d) a simple sensor setup which allows for quick material exchange. 

applications that demand quick response qualities and should 
gain further attention. A promising approach for this purpose 
may involve the presence of stabilizing agents during synthesis 
to better control Pt nanoparticle growth which might also be of 
interest for further applications of IPMCs. 

4. Experimental Section 
Preparation of Platinized Nafion Membrane Electrodes via Impregnation-

Reduction Method: Nafion 117 membranes (Chemours, Wilmington, 
Delaware, USA) were conditioned according to Sakthivel et al.[31] and 
placed in the apparatus depicted in Figure 6. The setup consisted of a 
GL 45 screw cap, the PEM (circular, d = 41 mm) placed between two 
silicone-PTFE seals (with circular center cut-out, d = 35 mm), and a 
horizontally cut PP reagent bottle. The lower cavity beneath the mem-
brane provided a supporting solution while the funnel-shaped reagent 
bottle acted as the reservoir for the metal and reducing solutions to 
which the membranes were exposed during the impregnation-reduction 
process. 

The synthesis followed and expanded the impregnation-reduction 
methods from the literature.[23,31] All chemicals were in analytical grade 
quality and all solutions thereof were prepared from 18.2 MΩ UPW. Both 
UPW, as well as KCl and K2SO4 (Merck KGaA, Darmstadt, Germany) elec-
trolytes (13 mmol L−1), were evaluated as supporting solutions.[40,52] 

3 mL of the supporting solution was filled into the cavity before plac-
ing the prepared membrane substrate into the setup. Subsequently, a 
Pt(NH3)4Cl2 (Aldrich, St. Louis, MO, USA) solution (10 mL) with defined 
concentration levels was allowed to impregnate the membrane with Pt for 
1 h at room temperature, supported by a 3D platform rotator (Grant Instru-
ments, Shepreth, United Kingdom). Thereafter, the impregnation solution 
was exchanged for a reducing solution (15 mL), prepared in an aqueous 

NH3/NH4 
+ buffer system (100 mmol L−1, pH = 9.25). Reducing agents 

and concentrations were varied in a fractional factorial design and include 
NaBH4, KBH4, and  N2H4 (all VWR Chemicals, Radnor, PA, USA). The re-
duction treatment was carried out for 1 h under magnetic stirring. All 25 
IPMC variations were synthesized as duplicates. 

Structural and Elemental Characterization of the Synthesized Pt Layers: 
All characterization steps were performed after prior reloading and drying 
of the synthesized Pt/Nafion IPMCs. Pt loading values were determined by 
atomic emission spectroscopy on an ARCOS ICP OES system (Spectro, 
Kleve, Germany) after digesting circular cut-outs (d = 6 mm) in boiling 
aqua regia (12 mL) for 30 min and subsequent dilution with UPW. ICP OES 
measurements were carried out as triplicates at 1400 W incident power 
and an integration time of 12 s after a rinse time of 60 s. 

The determination of both thickness, position, and uniformity of the 
Pt layers was performed using a 7200F field-emission scanning electron 
microscope (JEOL, Akishima, Japan) at 2 kV acceleration voltage. All sam-
ples were degassed and dried in a desiccator for at least 24 h before SEM 
analysis. The layer thickness was acquired via SEM imaging in a 10-fold 
determination at the cross-section of the composite material. The particle 
size was determined at five representative spots on the SEM image of the 
respective electrode surface using the ImageJ distribution Fiji.[72] In order 
to enable Pt identification via Pt-M� and Pt-M� emission lines, elemental 
analyses were carried out using a Bruker XFlash 6|60 EDX detector at 15 kV 
acceleration voltage. 

Radiographic assessment of the Pt loading was performed using a 
Skyscan 1275 computed tomography scanner (Bruker, Billerica, MA, USA) 
at 15 kV acceleration voltage and 150 μA current with 16-bit image ac-
quisition. Three representative circular sections (d = 6 mm) were taken 
from each radiograph and collected as a 2D color value dataset. Mean 
values were calculated from the individual pixels using OriginPro 2022 
(OriginLab, Northampton, MA, USA) and the gray value of the individ-
ual electrodes was determined using the 256 gray levels available in the 
8-bit grayscale depth. 
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Table 5. Overview of synthesis parameters, physicochemical properties, and sensing parameters evaluated in the present study. LOQ was not included 
in the multiple linear regression analysis due to linear dependency with LOD. 

Synthesis parameters Physicochemical Sensing parameters 
properties 

Initial Pt concentration Pt loading Langmuir fit parameter qmax 

Reducing agent Radiographic Langmuir fit parameter KL 
blackening 

Initial reductant concentration Layer thickness Coefficient of determination R2 adj. 

Reduction strategy Particle size Limit of detection LOD 

Supporting solution Limit of quantification LOQ 

Characterization of Ozone Sensing Properties: To prepare aqueous solu-
tions with defined ozone content, the setup depicted in Figure 7 is used for 
all experiments. A structured membrane-electrode assembly (SMEA), con-
sisting of a Nafion 117 membrane and seven pairs of PbO2-coated porous 
titanium anodes and porous titanium cathodes (all Innovatec Gerätetech-
nik GmbH, Rheinbach, Germany), was mounted within a PVC housing (as 
previously described in ref. [73]). The ozone-rich gas phase of the anodic 
half-cell was exhausted into a separate flask to prevent the introduction 
and subsequent measurement of other electrochemically formed oxygen 
species. 

Subsequently, the ozonated water was stirred gently and pumped along 
the sensor setup shown in Figure 7d, containing one IPMC specimen per 
experiment (representing each synthesis condition), a PTFE spacer, and 
an IrOx electrode (De Nora, Milan, Italy) assembled within a sealed hous-
ing. No additional reference electrode had to be incorporated as there is 
no current flow during the potentiometric measurement which would lead 
to a polarization of the IrOx electrode. Furthermore, IrOx has proven to 
provide a stable electrode potential (E ≈ 880 mV vs SHE) while the sur-
roundingmedia exhibit constant pH values.[74–76] As Nafion fulfills this re-
quirement under ultrapure water conditions, a stable reference electrode 
is thus guaranteed.[77,78] 

For sensor characterization experiments, the UPW used for sensor con-
ditioning was replaced by ozonated ultrapure water with a target concen-
tration range of ≈10 μg L−1 to 1.0 mg L−1. Sensor signals were acquired 
by measuring the potential between the Nafion-supported Pt surface (ex-
posed to the ozonated water) and the IrOx surface (exposed to ambient 
air). In order to allow for a justified extraction of regression parameters 
from the signal response properties, signals were collected for at least 5 
different ozone concentrations. 

At the same as the sensor was initially supplied with a new concentra-
tion level of ozonated water, the ozone content of the solution was quan-
tified colorimetrically for an off-line sample via the DPD method in ac-
cordance with DIN 38408-3:2011-04, using KI, KIO3, Na2HPO4, KH2PO4, 
Na2S2O3, H2SO4, starch (all p.a. grade, Carl Roth, Karlsruhe, Germany), 
and DPD (N,N-diethyl-p-phenylenediamine sulfate; Merck, Burlington, 
MA, USA) on a DR6000 spectral photometer (Hach Lange, Düsseldorf, 
Germany). On a daily basis, the required I2 solutions (2.5 mmol L−1) 
were freshly prepared and checked for their titers with a Na2S2O3 solu-
tion (10 mmol L−1) using KIO3 and KI as primary standards. The same 
procedure is used for the characterization of ozone decay within the setup 
displayed in Figure 7c. 

Model Development and Statistical Analysis: Additional statistical eval-
uations were performed using the free software environment R for sta-
tistical computing,[79] supported by the MASS package,[80] in order to 
identify general trends between all groups of parameters measured and 
evaluated in the present study (see Table 5). A multiple linear regression 
analysis was chosen to estimate the magnitude and direction of selected 
factor effects by regressing the physicochemical properties and the sens-
ing parameters with the synthesis conditions of the sensor materials. To 
integrate categorical variables in the regression models, dummy variables 
were used. 

Due to the fractional factorial study design, not all factor interactions 
were considered; instead, higher-order interactions of three or more pa-
rameters were excluded as they can be considered less probable (hierar-
chical ordering principle).[81] Furthermore, only selected two-factor inter-
actions were evaluated, for which a cause-effect relationship was consid-
ered plausible. 

Initial regression models that included all factors and assumed in-
teractions were set up and refined. The developed reduced models only 
included statistically significant contributing factors, which were identified 
by analysis of variance. The model adequacy was verified with normal prob-
ability and residual plots, and a Box–Cox transformation was performed 
where applicable.[71] 
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