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coefficient of pertechnetate decreases as pH increases, which is
in good agreement with our findings with the RDE for the
reduction mechanism of Tc(VII) (Table 1).
The oxidation mechanism could not be established because

it was not possible to stabilize the reduced Tc aqueous
speciestheoretically Tc(IV)at the beginning of the
experiment. As it will be shown in section Solid Analysis, the
complete reduction of Tc(VII) led to the formation of a solid
deposited on the WE, making it impossible to apply the
electrochemical analysis presented in this section as it is only
feasible for species in solution. It is worth explaining that this
issue did not affect the determination of the reduction
mechanism because both the RDE and the CV experiments
were fast enough to avoid the precipitation of the reduced Tc.
However, the complete reduction of Tc(VII) necessary to start
the RDE experiment for the oxidation takes several hours,
giving enough time for the deposition of the reduced Tc solid.
We can interpret that the second anodic peak (0.798 V at pH
2.0 and around 0.570 V at pH 4.0−10.0) in Figure 1b
corresponds to the formation of Tc(VII), as this is the highest
stable oxidation state in solution for technetium.
3.2. In Situ Spectro-Electrochemical Analysis of

Tc(VII) Reduction. Spectro electrochemical experiments
were performed to follow the electrochemical reduction of
Tc(VII)O4

− in NaClO4 at both pH 2.0 and 10.0. The collected
UV−vis spectra are shown in Figure 3. As expected, both
spectral data sets display at the beginning of the experiments
the characteristic signals of TcO4

− at 247 and 289 nm.24 With
the application of the potential staircase, the intensity of these
features gradually decreases until both bands finally disappear
at the last potential steps, indicating full reduction of Tc(VII).
The process was identical at both pH 2.0 and 10.0 (Figure
3a,b).
The complete reduction of Tc(VII) yielded a black solid

deposited on the WE, regardless of the sample pH. Taking into
account that UV−vis spectra confirm the lack of Tc(IV)
chloride species with absorption at 234 and 338 nm43 and that
Tc(IV) is the final reduction product (Table 1), most likely the
formed solid is a Tc(IV)−O species.
The spectroscopic behavior depicted in Figure 3b is in good

agreement with the findings of the electrochemical analysis at
pH 10.0 with no intermediary oxidation state between Tc(VII)
and Tc(IV) during the reduction. Therefore, the occurrence of
a Tc signal different from those of Tc(VII) was not expected.

However, no spectroscopic evidence of the existence of the
Tc(V) species suggested by the electrochemical analysis at pH
2.0 was found. This can be due to an extremely fast transition
from Tc(V) to Tc(IV) or simply because the Tc(V) species is
not active in the UV−vis range or its absorption coefficient is
too low.

3.3. Solid Analysis. In order to confirm the chemical
identity of the solid obtained after the complete reduction of
Tc(VII)O4

−, Raman spectroscopy, XPS, and SEM−EDX were
performed. The Raman spectra of the solids at pH 2.0 and 10.0
are shown in Figure 4.

It can be observed that the Raman spectra are identical for
both samples, indicating that the chemical identity of the solids
at both pH values is the same, supporting the results in Table
1. The spectra of the samples were compared with the spectra
of KTcO4 and NaClO4. The bands at 458, 632, 666, and
960 cm−1 were attributed to sodium perchlorate44 recrystal
lized on the WE along with the technetium solid.
The band at 330 cm−1 is assigned to Tc−O vibrations by

comparison with the KTcO4 spectra.
45,46 However, it is worth

mentioning that according to the literature,43,47,48 the Tc−Cl

Figure 3. UV−vis spectra measured during the electrochemical reduction of 0.5 mM Tc(VII)O4
− in 2 M NaClO4. (a) pH 2.0. (b) pH 10.0.

Figure 4. Raman spectra of the black solid obtained after the total
reduction of 0.5 mM KTcO4 in 2 M NaClO4 at pH 2.0 and 10.0 in
the spectro electrochemical cell. The Raman spectra of KTcO4 and
NaClO4 have been added for comparison.
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Solid analysis 

Raman microscopy 

The dry solid was placed in a Raman cell described elsewhere.1 To avoid oxygen contact, the cell was 

sealed inside the glovebox. A Raman microscope (Aramis, Horiba) with a He–Ne laser (wavelength: 

532 nm), a 10-fold objective with a D 0.3 filter, a pin-hole of 500 µm and a slit of 600 µm was used to 

obtain the Raman spectra of the solid samples. Likewise, NaClO4 and KTcO4 were measured in solid 

phase. 

 

X-ray photoelectron spectroscopy 

A second batch of the solid at pH 2.0 was produced and shipped to the Institute for Nuclear Waste 

Disposal at KIT to apply XPS and SEM-EDX. The samples were always transported and measured under 

inert gas atmosphere (N2 and Ar). 

 

The solid was mounted on indium foil and moved into the XPS (PHI 5000 VersaProbe II, ULVAC-PHI 

Inc.) using an airtight transfer vessel. The XPS has a scanning microprobe X-ray source (monochromatic 

Al Kα (1486.7 eV) X-rays). An electron flood gun generating low energy electrons (1 eV) and low energy 

argon ions (6 eV) by a floating ion gun were applied for charge compensation at isolating samples (dual 

beam technique), respectively. The power of the X-ray source is 32 W and 187.85 eV was used as the 

pass energy of the analyzer to perform survey scans of the samples. Narrow scans of the elemental lines 

were recorded at 23.5 eV pass energy, yielding an energy resolution of 0.67 eV FWHM at the Ag 3d5/2 

elemental line of pure silver. The calibration of the binding energy scale of the spectrometer was 

performed with the binding energies of elemental lines of pure metals (monochromatic Al K: Cu 2p3/2 

at 932.62 eV, Au 4f7/2 at 83.96 eV)2 yielding an estimated error of ± 0.2 eV. The binding energies of 

elemental lines were charge referenced to C 1s of adventitious hydrocarbon at 284.8 eV. 

 

Scanning electron microscopy with energy dispersive X-ray spectroscopy 

For the SEM-EDX experiments, the samples were mounted to a sample holder and coated with a 20 nm 

carbon layer inside an anoxic glovebox. The samples were moved with a shuttle (Leica VCT 100) always 

ensuring inert conditions into the environmental scanning electron microscope (FEI Quanta 650 FEG, 

now Thermo Fisher Inc.). The pressure in the analysis chamber was 2.8×104 Pa (high vacuum mode) 

and the operating voltage was 30 kV. SEM-EDX spectra of selected areas were acquired by use of a 

Thermo Fisher Scientific UltraDry, i.e. Peltier cooled, silicon drift X-ray detector and analyzed by 

Pathfinder software version 2.8. 
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SEM-EDX 

 

Figure S4. Backscattered electron image showing material contrast and SEM-EDX at selected areas of 

the solid obtained after the complete reduction of KTcO4 in the spectro-electrochemical cell. 

 

The carbon present in the three regions originates from the carbon coating applied after XPS and before SEM-

EDX to avoid surface charging during the measurements while the silicon comes most probably from the 

dissolution of the quartz cell. 
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