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Abstract: In this study, we propose a palladium-functionalized CNT composite working as a sensitive
material to evaluate the deuterium concentration in aqueous samples. The sensitive material was
prepared by the deposition of Pd nanoparticles onto MWCNT–OH by the micellization process.
A modified electrode was prepared by drop casting 60 µL of Pd-decorated MWCNT suspension
on a clean glassy carbon electrode surface. The sensing behavior was investigated in a series of
deuterium-enriched solutions ranging from 25 to 10,000 ppm. We performed cyclic voltammetry and
impedance spectroscopy studies on the samples. The process is quasi-reversible with the reduction
curve more pronounced than the oxidation curve, which indicates a low tendency to desorption for
the hydrogen atoms.

Keywords: CNT functionalization; coating by dropcast; hydrogen isotope detection; palladium;
cyclic voltammetry; impedance spectroscopy

1. Introduction

There is an intense demand for heavy water production and tritium decontamination
in the nuclear industry. Heavy water is used as the moderator for many nuclear reactors and
is responsible for the removal of tritium isotopes produced by them [1] to ensure optimal
performance during their operation. Moreover, large amounts of tritium are required by
experimental fusion laboratories that use this isotope as a fuel. Cryogenic distillation is
the most used method for isotope separation, but it is expensive because: (i) the natural
abundance of deuterium is very low, which in turn implies processing thousands of tons of
water to obtain the desired enrichment, and (ii) the distillation process has many stages
in order to achieve the degree of separation. The ability of palladium to absorb hydrogen
is well known [2,3]. Together with Pt-based alloys [4] and multinary metal alloys [5],
platinum-based alloys have been researched as alternatives for fuel cells and hydrogen
storage applications. Pd exhibits high catalytic activity, particularly for hydrogen evolution
reactions, and plays an important role in many electrochemical processes (not only as a
catalyst but also as an inhibitor in oxygen evolution reactions) [6,7]. Although there are
some interesting studies about the versatility of electrochemical sensors in assessing heavy
metal trace detection [8], information about the behavior of palladium in heavy water is
scarce [9]. This is the main reason why we propose an electrochemical device to evaluate the
deuterium concentration in aqueous samples. The sensitive material is based on palladium-
functionalized carbon nanotubes (CNTs), a composite material that shows high affinity
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towards the identification of hydrogen isotopes. Based on previous research [10], we
employed the same composite material (Pd-decorated MWCNT), developed via the reverse
micelle synthesis route [11], to fabricate an electrochemical sensor, which can monitor
the level of deuterium in heavy water. In this study, we focused on the electrochemical
performance of the composite as the main characterization method. The results obtained
during cyclic voltammetry and impedance spectroscopy are discussed in this paper. Other
techniques used to characterize the composite are presented in our previous work [10] and
are not re-discussed here.

2. Materials and Methods
2.1. Materials

Reagents: PdCl2 (Sigma Aldrich, Burlington, MA, USA), cyclohexane, iso-propanol,
hydrazine (Merck, Darmstadt, Germany)—all are of analytical grade and were used without
further purification. Solvent—ultrapure water from Millipore, with resistance ≥ 18 MΩ.
Surfactant—Tween20 (Polyoxyethylene (20) sorbitan monolaurate) (Sigma Aldrich, Burling-
ton, MA, USA) which is a nonionic surfactant with CMC = 8.04× 10−5 M, MW = 1227.54 g/mol
and d~1.1 g/cm3) [12,13]. Carbon nanotubes—MWCNT–OH, hydroxylated multi-wall
carbon nanotubes (Shenzhen Nanotech Port Co. Ltd., Shenzhen, China), with catalogue
data: diameter 2–10 nm, length 5–15 µm, carbon content >97%, ash content 2%, hydroxyl
ratio ~2.97% (−OH/C), carbon hydroxylated on CNTs ~6–8% (C−/C).

Deposition of Pd Nanoparticles onto MWCNT–OH Substrate

Pd nanoparticles were deposited on MWCNT–OH by micellization process. The syn-
thesis method has been described in detail in the Supplementary File of [10]. Briefly, micelle
preparation was performed as follows: in a mixture of four solvents (2.2 M cyclohexane,
5.5 M iso-propanol and 8.14 × 10−5 M Tween 20 in distilled water; the concentration of
Tween was chosen slightly above CMC to ensure the formation of colloids), ultrasonicated
for 30 s in an ultrasonic processor (UIP1000hd, 20 kHz, 100 W, Hielscher Ultrasonics GmbH,
Teltow, Germany), 30 mg (corresponding to 3.4 × 10−3 M) PdCl2 and 0.1 mg MWCNT–OH
were added with continuous ultrasonication for 60 s to ensure complete dissolution of
PdCl2 [14]. Pd2+ ions were reduced with hydrazine (0.63 M) under mild stirring at room
temperature. After 24 h, the precipitate was filtered, repeatedly washed with distilled
water and dried at 120 ◦C. The Pd/MWCNT composite was stored under inert atmosphere
until use for the sensor fabrication.

2.2. Electrochemical Characterization
2.2.1. Preparation of the Modified Electrode

A total of 1.7 mg Pd/MWCNT was dispersed in 1.5 mL ultrapure water and soni-
cated for half an hour to obtain a stable suspension. Before electrode modification, the
glassy carbon electrode (GCE) (Metrohm AG, Herisau, Switzerland) was polished with
alumina powder and sonicated in water until the surface was completely clean and had
a mirror appearance. Then, 60 µL of the Pd/MWCNT suspension was dropcasted onto
the clean surface of the GCE and allowed to dry (DGCE = 0.8 cm and the geometric area,
AGCE = 0.5024 cm2).

2.2.2. Experimental Set-up for the Electrochemical Characterization

The electrochemical analysis was performed with a Voltalab 40 system (Radiometer
Analytical, Villeurbanne, France) in a typical three-electrode cell: (1) a working electrode of
glassy carbon, modified with Pd/MWCNT; (2) Ag/AgCl 3 M KCl as reference electrode;
(3) a platinum wire as auxiliary electrode. Four concentrations of deuterated water were
investigated: 1120 ppm (± 200 ppm), 2100 ppm (± 200 ppm), 5030 ppm (± 300 ppm) and
9880 ppm (± 300 ppm). The blank electrolyte was a type of purified water, with scarce 2H
isotope content (Qlarivia®, Ramnicu Valcea, Romania, with 25 ppm ± 5 ppm 2H), mineral-
ized with Ca2+, Mg2+ and Na+ salts. The characteristics of the samples are summarized
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in Table 1. For each sample, cyclic voltammetry (CV) and dynamic impedance (EIS) mea-
surements were performed. Cyclic voltammetry was performed between −0.5 and 0.6 V,
with scan rates varying from 50 to 500 mV/s, and the EIS measurements were collected
between 1 and 105 Hz and a modulation amplitude of 5 mV in the same electrochemical
assembly as for cyclic voltammetry. The spectra were collected using VoltaMaster4 soft-
ware (Radiometer Analytical, Villeurbanne, France). All Pd/MWCNT-modified GCEs were
activated before testing by running 20 cycles of CV at 100 mV/s.

Table 1. Main characteristics of the investigated samples.

Sample Working
Electrode

2H Concentration
(ppm)

pH |Epc| (mV) |Epa| (mV) Ipc (µA/cm2) Ipa (µA/cm2)

S1 Pd/MWCNT/GCE 1120 8.24 31.6 227.5 75.648 15.046
S2 Pd/MWCNT/GCE 2100 7.80 59 234 101.226 29.4
S3 Pd/MWCNT/GCE 5030 7.62 83.1 215 128.344 35.178
S4 Pd/MWCNT/GCE 9880 7.47 103 185 154.9 41.477

Blank Pd/MWCNT/GCE 25 (Qlarivia®) 7.66 144 403 108.317 28.781
GCE GCE 25 (Qlarivia®) - - - - -

Abbreviations: 2H = deuterium isotope; Epc = potential for the cathodic peak; Epa = potential for the anodic peak; Ipc = current for the
cathodic peak; Ipa = current for the anodic peak.

2.3. Characterization Methods

Structural and morphological analyses on the Pd/MWCNT composite were presented
in detail in [10] and are not discussed here. However, it is worth mentioning that those
were performed by SEM, TEM, EDX and Raman spectroscopy.

3. Results and Discussion
3.1. Pd/MWCNT Morphology

The morphology and structure of the Pd/MWCNT composite [10] investigated by the
above-mentioned techniques indicated a non-homogenous distribution of Pd nanoparticles
onto the MWCNTs. The sizes of the metallic particles were below 10 nm (usually between
5.1 and 8 nm) and the size of the MWCNTs was in the range 10.5–24.8 nm. The Pd
nanoparticles appeared to be clustered onto specific regions of the nanotube in a comparable
gravimetric ratio between Pd and C. This means that the Pd nanoparticles were interlocked
between the carbon nanotubes and anchored onto the previously hydroxylated sites on the
carbon nanotubes, which is not uncommon.

3.2. Electrochemical Characterization of Pd/MWCNT in Deuterated Water

The electrochemical behavior of the Pd/MWCNT composite towards 2H was in-
vestigated. Four samples with different concentrations of deuterium isotope were pre-
pared. A commercially available type of water, Qlarivia®, with a low concentration of
2H (but mineralized, to work as an electrolyte) was used as a blank sample. Its content
of deuterium is 25 ppm (±5 ppm). The salts used for mineralization in Qlarivia® are:
Ca2+ (E0

Ca
2+

/Ca
0 = −2.84 V), Mg2+ (E0

Mg
2+

/Mg
0 = −2.356 V), Na+ (E0

Na
+

/Na
0 = −2.714 V),

NO3
− (E0 has three oxidation potentials, at 0.957 V, 0.94 V and 0.8 V, dependent on the

reaction products), Cl− (E0
Cl

−/Cl
0 = −1.358 V) and SO4

2− (E0 = 0.158 V) [15].
The different types of samples are presented in Table 1, together with the characteristics

of the electrochemical response, resulting from cyclic voltammetry.
Figure 1 presents the cyclic voltammetry of the four samples of deuterated water

(S1–S4) on the Pd/MWCNT composite, at a scan rate of 50 mV/s. The bare GCE has no
electrochemical response, which shows that the solutions are only active in the presence of
the sensitive composite Pd/MWCNT. Additionally, the chosen potential interval is “blind”
to other interfering reactions. For the modified electrode, Pd/MWCNT deposited onto
GCE (Pd/MWCNT/GCE), two peaks are observed: a reduction peak (≈50–80 mV) and an
oxidation plateau, at ≈200 mV, which indicates that the reaction is somewhat reversible.
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The composite has an enhanced reactivity towards hydrogen, shown in the CVs as the
reduction peak. This cathodic current corresponds to the absorption of 2H by the Pd
nanoparticles. Since the cathodic peak is more pronounced than the oxidation peak, we
can assume that the 2H is bound as Pd hydride and has a low tendency to desorb. The
reaction associated with the absorption of 2H inside the crystal lattice of Pd is presented in
Equation (1):

Pd + 2H+ + e− �
(

Pd − 2H
)

n
(1)
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aqueous solutions (a) 25 ppm, (b) 1120 ppm, (c) 2100 ppm, (d) 5030 ppm and (e) 9880 ppm, at a scan rate of 50 mV/s, vs.
the Ag/AgCl 3 M KCl.
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The reversible potential for the Pd–2H system is at +29 mV (vs. Pt/2H reference
electrode), according to Schuldiner and Hoare [16]. Since our working electrode consists
of Pd nanoparticles deposited onto MWCNT, which are dropcasted onto the GCE, and
the reference electrode is Ag/AgCl 3 M KCl, the potential of −31.6 mV, observed for
the 1120 ppm 2H, corresponds to the formation of a palladium–deuterium complex. As
can be seen in Figure 2, this reduction peak shifts towards more negative potentials with
the increase in 2H concentration (≈20 mV shift with every increase). Figure 1 shows
the second cycle of the scan because the reduction peak decreases on sequential scans;
this indicates a saturation process, which is in agreement with the known behavior of
palladium nanoparticles [17]. In the same respect, the oxidation plateau also shifts towards
0 V (Figure 2A). Another observation is the increase in the capacitance of the electric double
layer with the concentration of 2H. This effect is explained by the saturation effect of the
Pd nanoparticles, combined with the depletion of 2H in the immediate surroundings of the
surface of the electrode. The hydrogen isotope is tightly locked in the matrix of the metal
and the desorption rate is slow (Figure 2B).
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Since the concentration of 2H has a direct effect on the pH of the solution and the mod-
ification of the potential, Figure 2c,d show the catalytic performance of the Pd/MWCNT
composite. For the anodic wave, for pH values below 8, the peak potential shifts toward
negative values; for values above 8, the peak potential increases slightly (moves toward
more positive values). This suggests that, at higher concentrations of 2H, Pd nanoparticles
reach their saturation level and the active sites of the composite are blocked.

As a function of pH, the cathodic potential exhibits a linear dependence, with a
regression equation:

Epc = −0.0905 × pH + 0.7735 (2)



Coatings 2021, 11, 968 6 of 9

with R2 = 0.9580. In Equation (3) [18]:

dEpc

dpH
= −2.303

mRT
nF

(3)

m/n represents the ratio between the protons and electrons exchanged in the reaction. In
this particular case, the value of m/n is equal to 1.5, implying that three protons and two
electrons are employed in the reaction. This suggests that Pd nanoparticles react with 1 1H
and 1 2H every sweep of the electrochemical cycle (note that the abundance of 2H isotopes
in nature is 0.02%), according to the equilibria:

Pd + 1H + 2H � Pd − 1H − 2H (4)

Figure 3 presents the effect of scan rates on both current peaks and potential for the
Pd/MWCNT/GCE composite in 2100 ppm 2H solution. The cyclic voltammetry spectra
show an increase for Ipc (cathodic current) and Epc (cathodic potential) with the increases
in scan rates. The increase has linear dependence, following the regression equations:

Ipc = 6.3423 × v1/2 + 14.7083, with R2 = 0.9832 (5)

Epc = 0.1082 × log v − 0.1206, with R2 = 0.9891 (6)
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Equation (5) suggests a diffusion-controlled transfer process, while Equation (6) gives
the number of electrons exchanged during the rate determining step (nα). From the Tafel
slope (Equation (6)) [9,19,20] and considering that the electron transfer coefficient (α) is
equal to 0.5, then nα is equal to 1.

Epc =

[
2.303RT

(1 − α)nαF

]
log v + constant (7)
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This indicates that one electron, corresponding to the 1 H atom, is transferred in the
rate determining step and that the other electron, corresponding to the other hydrogen
atom, is transferred during a diffusion-controlled process.

Figure 4 presents the analytical curve for the detection of 2H using the Pd/MWCNT/GCE
electrode. The analytical response is given by the linear regression equation:

Ipc = 0.0042 × [2H] + 38.7614, with R2 = 0.9237 (8)
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The graph presented in Figure 4 was obtained by the multiplication of the raw current
data (Ipc in Table 1) with the area of the modified electrode (0.5024 cm2). The correlation
coefficient is low (with a value of 0.9237) due to isotopic exchange (1H � 2H, the natural
abundance of deuterium is 0.02%) and different errors that appear in the work flow.

The EIS measurements were used to give an estimation about the interfacial electron
transfer kinetics. The diameter of the semicircle in a Nyquist plot (Figure 5) corresponds
to a combination of the double layer capacitance (Cdl) and the electron transfer resistance
(Ret), while the straight line is associated with the mass transfer and corresponds to the
Warburg resistance (ZW). Table 2 summarizes the values obtained for the diameter of
the semicircles in each solution and the angle for Warburg resistance. For the GCE, there
is only the Warburg resistance, which indicates a minimal mass transfer. The highest
resistance is observed for the 1120 ppm concentration, suggesting a slow electron transfer,
while the lowest resistance is for concentrations of 5030 ppm and 2100 ppm, relaying an
enhanced electrical conductivity. The results observed from the EIS measurements can be
explained by the fact that, when exposed to air, deuterated water reaches equilibrium by
isotopic exchange.

Table 2. The variation in the diameter of the semicircle given by the Faradaic charge transfer process
with the concentration of 2H, resulting from the Nyquist plots.

Sample Concentration
of 2H (ppm) Dsemicircle (Ω) Angle (o)

GCE - 64.4
Blank 105.3 64.8
1120 121.3 64.85
2100 97.7 64.7
5030 95.0 63.4
9880 109.3 63.09
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Figure 5. (a) The Nyquist plots for Pd/MWCNT in three concentrations (2100 ppm (S2), 5030 ppm
(S3) and 9880 ppm (S4)). (b) The semicircle fit results for sample S3 (5030 ppm 2H) are presented in
the inset.

4. Conclusions

We presented a study focused on the electrochemical characterization of a nanocom-
posite based on Pd/MWCNTs prepared by a micellization process. The synthesis route
uses mild reaction conditions and simple precursors (PdCl2, hydrazine, room temperature
conditions, easy-to-obtain solvents) to obtain Pd particles with sizes below 10 nm. The
electrochemical analysis was performed on four samples with different concentrations
of deuterium isotopes. As a blank sample, a commercially available type of water with
a low concentration of 2H was used. The electrochemistry indicates that one electron,
corresponding to one hydrogen atom, is transferred in the rate determining step and that
the other electron, corresponding to the other hydrogen atom, is transferred during a
diffusion-controlled process. The process is quasi-reversible with the reduction curve more
pronounced then the oxidation curve, which indicates a low tendency to desorption or the
hydrogen atoms. The analytical curve for the detection of 2H using the Pd/MWCNT/GCE
electrode is given by a linear regression equation, which has a low correlation factor due to
isotopic exchange and cumulative errors during the preparation and testing of the samples.

Judging from this regression equation, it looks like electrochemical detection depends
on the quality and quantity of the samples that are investigated, and this detection method
can be improved by increasing the number of samples and the distribution of concentra-
tions in order to obtain satisfactory means for the determination of hydrogen isotopes in
aqueous media.

Author Contributions: Conceptualization, S.-M.I., E.I.I. and I.S.; methodology, A.-M.I. and C.E.A.G.;
formal analysis, S.-M.I. and A.-M.I.; investigation, A.-M.I., A.S. and N.C.Z.; writing—original draft
preparation, S.-M.I. and A.-M.I.; writing—review and editing, I.S. and C.E.A.G.; supervision, I.S.
and C.E.A.G.; project administration, S.-M.I. and A.-M.I.; funding acquisition, S.-M.I., A.-M.I. and
C.E.A.G. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by a grant of the Romanian Ministry of Education and Research,
CNCS-UEFISCDI, project number PN-III-P1-1.1-PD-2019-1134, PN-III-P2-2.1-PED-2019-2551 and
CORE Programme, Ctr. 18/N/2019.

Institutional Review Board Statement: Not Applicable.

Informed Consent Statement: Not Applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors wish to express their gratitude to Diana Costinel for preparing the
2H water samples.

Conflicts of Interest: The authors declare no conflict of interest.



Coatings 2021, 11, 968 9 of 9

References
1. Lozada-Hidalgo, M.; Zhang, S.; Hu, S.; Esfandiar, A.; Grigorieva, I.V.; Geim, A.K. Scalable and efficient separation of hydrogen

isotopes using graphene-based electrochemical pumping. Nat. Commun. 2017, 8, 15215. [CrossRef] [PubMed]
2. Miles, M.H.; Johnson, K.B.; Imam, M.A. Electrochemical loading of hydrogen and deuterium into palladium and palladium-boron

alloys. In Sixth International Conference on Cold Fusion, Progress in New Hydrogen Energy; New Energy and Industrial Technology
Development Organization: Lake Toya, Japan; Tokyo Institute of Technology: Tokyo, Japan, 1996.

3. Denuault, G.; Milhano, C.; Pletcher, D. Mesoporous Palladium—The surface electrochemistry of palladium in aqueous sodium
hydroxide and the cathodic reduction of nitrite. Phys. Chem. Chem. Phys. 2005, 7, 3545–3551. [CrossRef] [PubMed]
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