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1 | INTRODUCTION

Electrochemistry and its analytics have soared as the
foundation for the identification and exploration of prop-
erties related to reduction-oxidation reactions (Red=0x

Sophie Schonfeld"?
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| Constantin Schreck' |

Abstract

Electrochemistry and its analytics are essential in a variety of scientific and
technological fields where properties related to reduction-oxidation reactions,
so-called redox properties, are to be explored. While methodological standards
for experiments are well established at room temperature, this is still untrue
at sub-zero/cryogenic temperatures, the conditions required for the survey of
(ultra—)rapid processes and their intermediates. Problems due to “hand-wav-
ing” temperature regulation/conditioning and common usage of pseudo-refer-
ence electrodes renders cryo-electrochemistry a great challenge. Herein, we
describe a robust setup for performing reliable cryo-electrochemical experi-
ments down to —80°C. It combines highly stable but flexible temperature
conditioning with gas-tight sealing of the electrochemical cell setup. Mod-
ification of a commercial palladium hydride reference electrode (PdH RE) al-
lows for rapid temperature cycling under cryogenic conditions in aprotic or-
ganic solvents. Validation of the setup with the well-known Ferrocene |
Ferrocenium (Fc|Fc") redox couple gave good compliance with literature
data at room temperature in a range of organic solvent-based electrolytes.
Evaluation of temperature-dependent diffusion kinetic parameters, such as
diffusion coefficients (D) and diffusional activation energies (E, ;) from CVs at
multiple potential scan-rates and temperature levels emphasize the reliability

of the presented cryo-electrochemical setup.

KEYWORDS
cryo-electrochemistry, diffusion coefficient, diffusional activation energy, Ferrocene

+ne”) [1]. So-called redox properties are of fundamental
importance for a manifold of research areas in natural
and applied (engineering) sciences [2]. They allow the
subtle interpretation of energy flows along potential gra-
dients in complex biological systems, such as the
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transport of energy and charge in Photosystem II prior to
0, liberation [3]. On the other hand, redox properties
and derived electrochemical figures of merit exert a
steering role in current developments towards (more)
sustainable energy economy. This includes material
search and development for emerging electrochemical
energy conversion and storage technologies (e.g., bat-
teries, fuel cells, electrolyzers) [4]. The large majority of
these data is accessed by voltammetric techniques, using
three-electrode setups immersed in an ion conductive
electrolyte at ambient conditions [5]. While this provides
a wealth of valuable information, (ultra—)rapid proc-
esses and their intermediates can hardly be deciphered
(at least) on the time-scale of conventional experiments.
To this end, decreasing the temperature, i.e., to sub-zero,
or even cryogenic conditions, has previously demon-
strated to aid in a sufficient stabilization of transient spe-
cies and hence allow the kinetics of individual
(electro—)chemical steps to become accessible within a
measurement attempt [6-14].

To the day, a common strategy to achieve low-temper-
ature/cryogenic conditions remains to immerse conven-
tional test cells in slush/cooling baths consisting of dry ice
mixed with organic solvents [15-17], allowing for temper-
atures as low as —78°C [12,13, 18]. Drawbacks of such
immersion techniques are evident: An accurate temper-
ature conditioning/regulation of the electrolyte solution
inside the test cell is missing, particularly problematic
during long-term measurement sessions [13,17]. As tem-
peratures cannot be changed intentionally, a variation re-
quires discontinuous manipulations of the bath [19,20].
More sophisticated setups, covering these technical issues
in terms of cooling jackets, date back to the 1970s [8-10],
but hardly made their way as a routine tool. A number of
additional problems, increasingly virulent at sub-zero
temperatures, refer to the elevated Ohmic potential (iR)
drop and the contamination of electrolytes with atmos-
pheric oxygen and moisture [8]. More critically, pseudo-
reference electrodes are often relied upon for electro-
chemical measurements below zero degrees. Indeed, sim-
ple metal wires (e.g, Pt, Ag), most frequently used as
pseudo-reference electrodes, flaw thermodynamic equili-
brium and are not ideally nonpolarizable. In addition to
that, they are limited with respect to operation conditions,
inter alia, including temperature variations. All of the
above can provoke incomprehensible behavior, to the
point of significant potential shift during a measurement
[21-25]. As a matter of fact, the implementation of elec-
trochemical measurements at sub-zero, or cryogenic tem-
perature conditions, i. e., cryo-electrochemistry, renders it-
self an ambitious task.

Herein, we report the design and validation of a vari-
able-temperature electrochemical setup which addresses

the whole of the problems discussed. The
electrochemical glass-cell setup provides gas-tight in-
tegration for the three-electrode configuration with an
optimized iR drop, the thermometer for thermostatic
feedback, the gas in-/outlet providing solvent-saturated
and thermostated Ar, and a modified palladium hydride
reference electrode (PdH RE). Straightforward im-
plementation and precise temperature regulation/con-
ditioning allow for reliable and reproducible electro-
chemical measurements to be carried out at
temperatures down to —80°C. Validation of the new
cryo-electrochemical setup was based on measuring the
Ferrocene | Ferrocenium (Fc|Fc™) redox reaction in a
number of representative organic solvent-based electro-
lytes. Diffusion coefficients based on cyclic voltammetry
(CV) at multiple potential scan-rates recorded at room
temperature were in good agreement with literature
data. Going beyond literature precedents, CVs at various
temperature levels thus allowed to expand the database
to include wider temperature ranges as well as to de-
termine diffusional activation energies towards the oxi-
dation of Fc in the various organic solvents.

2 | DESIGN AND CONSTRUCTION OF
THE CRYO-ELECTROCHEMICAL SETUP

2.1 | Electrochemical glass-cell setup
and three-electrode configuration

A TC5-type electrochemical glass-cell (BVT Technologies
a.s., Strazek, CZ) was used for all cryo-electrochemical
measurements. It consists of an inner/main cell chamber
with a total electrolyte volume of ~15 ml, an outer jacket
for temperature conditioning and adapters for the three
electrode setup, temperature control and gas in-/outlet
(refer to SI section S2 for details on various design-tech-
nical aspects and customary/commercially available
components used). As a working electrode (WE) and
counter electrode (CE) we used a PEEK-embedded 2 mm
diameter platinum (Pt) plate electrode (CH Instruments,
Inc., Austin, TX, USA) and a Pt wire (BVT Technologies
a.s., Strazek, CZ), respectively. The three-electrode setup
is completed by the reference electrode (RE), which was
mounted in a custom-made Luggin-probe; to this end a
modified Mini Hydroflex® hydrogen electrode was used
(Gaskatel Gesellschaft fiir Gassysteme durch Katalyse
und Elektrochemie mbH, Kassel, DE; detailed descrip-
tion of modifications and the RE compartment, vide in-
fra). As can be seen from Figure 1, the given design posi-
tions the RE close to the WE, while not substantially
shading the active surface or disturbing the field of cur-
rent lines formed between the WE and CE (details in SI
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FIGURE 1 View of the three-electrode configuration inside
the electrochemical glass-cell setup.

section S2.1). Thereby we minimize the main source of
Ohmic potential (iR) drop (see SI section S6.1 for a de-
tailed consideration) [5,26-29]. More importantly, mini-
mizing the solution resistance is of particular importance
as it can increase by multiple with decreasing temper-
ature (see Figure S4).

2.2 | Reference electrode compartment
The RE compartment consists of the Luggin-probe and
houses the Mini Hydroﬂex® RE. Moreover, it features a
porous glass frit junction at the bottom end. Taking ad-
vantage of previous knowledge on the potential variation
resulting from electrostatic screening of ion transfer
through the frit due to negatively charged surfaces
(charge screening), notorious for meso-/nano-porous
glass frits [30-34], we have resorted to electro-porous KT
glass frits (Koslow Scientific Company, Englewood, NJ,
USA) with an average pore diameter of 0.5-1 um (refer
to SI section S2.2 for details on the Luggin-probe) [34].
Similar to previous reports by Mousavi et al. [34], a mini-
mal solution flow through the frit within several hours
was deemed acceptable (see Figure S2), as herein both
the bridge- and test-electrolyte share the same support-
ing electrolyte.

A Mini HydroFlex® RE, which was modified with re-
spect to the hydrogen (H,) supply, was used as RE in all
electrochemical measurements. While conventional hy-
drogen reference electrodes require prior/constant satu-
ration of the (bridge—)electrolyte solution by H,, with
Gaskatel’s Mini HydroFlex® H, is provided internally,
i.e., via a cartridge, that is inserted into the electrode
head, and supplied to a gas diffusion electrode (GDE) at
the bottom end of the electrode shaft. The GDE consists
of a (platinized) Pt mesh incorporated with palladium

(Pd) and PTFE, which is immersed in the electrolyte
solution [35]. While this satisfies the principles of a (re-
versible) hydrogen reference electrode (RHE) in aqueous
electrolyte solutions, that is the hydrogen redox reaction
(H" g+ 1e =0.5H,y) on Pt eventually establishing the
equilibrium potential (i. e., 0.000 V vs. RHE) for measure-
ments at given pH [36-38], this is not valid in aprotic or-
ganic solvents [39]. As described above, the Mini Hydro-
Flex® RE is also comprised of Pd [35], which exhibits a
strong solubility towards H,, that is up to ~1000 times its
volume of dissolved hydrogen within the crystal struc-
ture [39-42]. Such formed palladium hydride (PdH) is
capable of providing hydrogen cations and thus estab-
lishing a reversible hydrogen electrode even in aprotic
solution [39,43]. Meanwhile, the applicability of PdH
and the Mini HydroFlex® as reference electrode in aprot-
ic organic solvents has been demonstrated by Patrick
et al [39]. and Gaskatel [44], respectively.

Besides the advantages of the Mini HydroFlex® RE,
the reliance on H, supplied from cartridges carries few
operational burdens. Inter alia, due to the modest H,
generation rate from the cartridge fluctuations in pres-
sure owing to the volumetric change of H, inside the
electrode in wide temperature ranges may cause serious
damage to the electrode. This requirement of operation
at lowest temperatures and under rapid temperature
changes was met through the development of a partic-
ular RE setup. As shown by the process flow chart in
Figure 2, H, was supplied externally via a gas cylinder at
a constant flow rate and overpressure, that not only bal-
ances the volumetric change of H, due to the large tem-
perature gradients, but also ensures the preservation of
an equilibrium potential with H, as well as a pristine
PdH layer (refer to SI section S2.2 for more details on the
RE setup).
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FIGURE 2 Process flow chart of the RE setup for supplying
the Mini Hydroflex® RE with H, at a constant overpressure
(38 mbar) and flow rate (~1 bubble per second).
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2.3 | Gasin-/outlet

Flushing of the glass-cell with inert gas (e.g., for sample
filling or saturation with Ar) proceeds via an additional
gas in-/outlet (refer to SI section S2.3 for a detailed de-
scription). Moreover, in order to reduce the loss of elec-
trolyte, Ar was saturated with the thermostated solvent
before entering the glass-cell (see Figure 3).

2.4 | Temperature regulation

Variable temperature conditions were accomplished by
means of an external thermostatic circulator, model PRO
RP 290 E (LAUDA Dr. R. Wobser Gmbh & Co. KG, Lau-
da-Konigshofen, DE) with an operational temperature
range of —90 <Y< +200°C and a temperature stability
of +£0.05°C, which was connected to the jacket of the
electrochemical glass-cell. Temperature is directly regu-
lated to the main cell chamber using an external ther-
mometer, which is immersed in the electrolyte solution
(refer to SI section S2.4 for details). After reaching a cer-
tain temperature level, temperature conditioning was
maintained for at least 15 min to achieve as constant a
temperature of the electrolyte solution (including Lug-
gin-probe) as possible. In this study the temperature was
varied between —80°C (ethanol) and +80°C (tap water)
by 10°C intervals and 1°C min~"' ramps.

2.5 | Electrochemical analyzer

A computer-controlled electrochemical analyzer, model
CHI610E (CH Instruments, Inc., Austin, TX, USA) was
used for all (cryo—)electrochemical measurements. All
data was corrected for the Ohmic potential (iR) drop by
means of the instrument’s built-in iR compensation

.~ solvent

FIGURE 3 Temperature conditioning and solvent saturation
of Ar before the gas inlet to the electrochemical glass-cell setup.

technique based on “positive feeback” [45,46], which
was performed prior to every measurement. To avoid po-
tential oscillations, we applied a partial 80% compensa-
tion to account for the vast iR drop [28,47-49]. Data was
acquired with the latest CHI software v18.05 (CH Instru-
ments, Inc., Austin, TX, USA).

3 | VALIDATION AND DISCUSSION
OF RESULTS

3.1 | Room temperature measurements
The assembled cryo-electrochemical cell setup with all
external connections is illustrated in Figure 4 (please
find detailed descriptions on preparatory procedures and
the assembly in SI section S3 [50, 51]). It was field-tested
with the Ferrocene |Ferrocenium (Fc|Fc™) redox couple
(eqn. S1, structural formulae in Figure 5 top-left).

CVs recorded of Fc|Fc™ in a representative selection
of organic solvent-based electrolytes including DCM,
THF, DMF, DMSO and pyridine (0.1 v NBu,PF; 0.001 m
[Fe(CsHs),]; v=0.1Vs™") at 20°C are presented in Fig-
ure 5. Generally, smooth CVs exhibiting the typical
“duck” shaped response of the Fc|Fc" redox couple pre-
vail in all electrolytes. It also holds for all potential scan-
rates investigated herein (¢f. DCM at 20°C in Figure S5
by way of example) [52]. It has been reported previously
that the redox potentials of Fc|Fc" are dependent on the
solvent reorganization energy [53]. In this respect, Nov-
iandri etal recorded half-wave potentials (E;,; see
eqn. S2) between +0.157 V<E;, < +0.629V across a
broad range of solvents. When focusing on the five sol-
vents used also in our study, the range narrows to
+0.505 V (DMSO)<E,,< +0.629 V (THF) [54]. Tsier-
kezos reported in a related but less exhaustive study a
range of ca. 200 mV when going from DMSO (E,,=

+RHE setup_", ,X(—Therﬁost&tic
ulator

Refrigerant vl §
+Thermostatic Electrochemical—
circll;ﬁtor analyzer

FIGURE 4 Completely assembled cryo-electrochemical glass-
cell setup showing all external connections.
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FIGURE 5 Exemplary CVs of Fc|Fc" on a 2 mm diameter Pt
plate WE in DCM, THF, DMF, DMSO and Pyridine (0.1 m
NuBu,PFg; 0.001 M [Fe(CsHs),]) at 20°C, v=0.1 Vs, including
half-wave potentials (E,/,). Each CV represents the last of three
consecutive measurements. Top-left: Structural formulae of the
Fc|Fc™ redox reaction.

0.868 V) to DCM (E,,,=1.094 V) [55]. Similarly, we also
find a significant solvent dependence of the Fc|Fc™ re-
dox reaction, or E,,,, respectively, ranging from +0.43 V
(DCM) up to +0.95 V (DMF).

Peak currents were extracted from CVs at multiple
potential scan-rates. With increasing potential scan-rate
both the peak currents and the separation of the anodic
and cathodic peaks increase in a characteristic manner.
The typical “trumpet” plots featuring the peak-to-peak
separation as a function of logarithmic potential scan-
rates are exemplified in Figure S6 by data derived at
20°C [52,56]. While this is a characteristic of the Fc|Fc*
redox couple to undergo reversible electron-transfer
processes [57-59], variations in its form can be attributed
to the organic solvents exhibiting different solution re-
sistance [60-64], and hence R,, as has been previously
discussed (SI section S6.1).

For an analysis of diffusion-kinetic data, the peak
currents were treated in terms of the Randles-Sevcik
equation which allows access to diffusion coefficients (cf.
eqn. S3) [65-67]. As exemplified by data derived at 20°C
in Figure S7, the linear Randles-Sev¢ik plots (I, vs. v*%)
indicate the electrode process to be largely diffusion-con-
trolled (for the temperature dependence, vide infra) [52].
Diffusion coefficients were extracted from the slopes of
best fits according to eqn. S4 and eqn. S5. Eventually,
Table 1 summarizes such-way determined diffusion co-
efficients for the oxidation of Fc in the various organic
solvent-based electrolytes at 25°C. Comparison to

reference values reveals good agreement with literature
data (see SI section S6.6 for a more detailed consid-
eration). To the best of our knowledge, for pyridine no D
values are reported to date. With a view to the omnipre-
sence of pyridine as a medium in coordination chemistry
as a whole, not at least in our previous work [68-70], we
aimed to close this gap.

The diffusion coefficient of Fc in pyridine is found to
be close to that in DMF. This coincidence can be attrib-
uted to similar viscosities of both solvents (see Table S1
for details) [71]. Additionally, it is also supported by the
linear Stokes-Einstein plot in Figure S8, whose required
inverse proportionality between the diffusion coefficient
of the species and the viscosity of the organic solvent (cf.
eqn. S6) holds across the entire set of media [72,73].

3.2 | Measurements at variable
temperature

We opted for temperature ranges ~10°C above the melt-
ing and below the boiling point of the solvent, or —80°C
to +80°C, respectively. Accordingly, a library of CVs at
various potential scan-rates and temperature levels in-
cremented by 10 °C steps were recorded in the five aprot-
ic solvents. This is exemplified in Figure 6 by means of
the DCM-based electrolyte, which was measured at
—80°C <1< +30°C (refer to SI section S6.8 for other
solvents). Clearly, while the electrochemical signature of
Fc|Fc™ is indifferent to temperature, as the temperature
decreases, CVs steadily decline accompanied by increas-
ing peak-to-peak separation. This can be ascribed to
mass- and electron-transfer becoming more and more
sluggish as the temperature drops [13,14]. The pro-
nounced shifts of CVs in DMSO are conspicuous. How-
ever, as DMSO has strong coordination ability, we attrib-
ute this to a solvent coordination effect with Pt and Pd,
i.e., the electrode materials, that interferes with the

TABLE 1 Diffusion coefficients (D) for the oxidation of
Ferrocene on a 2 mm diameter Pt plate WE in DCM, THF, DMF,
DMSO and Pyridine (0.1 m NuBu,PF; 0.001 m [Fe(CsH;),]) at 25°C
in comparison to literature data at around room temperature.

D (10 ° cm?’*s™?)

Solvent This study[a] Literature

DCM 1.45 1.4 [74]

THF 1.39 1.50 [71]

DMF 1.02 0.95-1.1 [55,71,75-78]
DMSO 0.71 0.44-0.67 [55,71,79,80]
Pyridine 0.92 -

[a] interpolated based on D values at 20°C und 30°C.
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033V

E/V vs. PdH

FIGURE 6 CVsof Fc|Fc™ at multiple potential scan-rates (0.025, 0.05, 0.075, 0.1, 0.15, 0.2, 0.3, and 0.4 Vs™") on a 2 mm diameter Pt
plate WE in DCM (0.1 m NuBu,PFg; 0.001 M [Fe(C,Hs),]) between —80°C and + 30°C at various temperature levels incremented by 10°C
steps. Each set of CVs represents the last of three consecutive measurements. Intensifying colors within a set of CVs indicate the increase
of potential scan-rate. Minor shifts of CVs at 30 °C along the abscissa are due to a change in solution resistance during the measurement.

measurement (refer to DMSO in SI section S6.8 for a
detailed consideration) [81, 82].

An intriguing feature emerges for the data derived in
DCM-based electrolyte, but similarly shines up also in
the other solvents: Half-wave potentials shift slightly
anodically when the temperature is increased. However,
this conflicts with the Nernst equation (see eqn. S7),
which essentially demands the opposite [39]. Interest-
ingly, we are not the first to discover “anti-Nernst” be-
havior, as similar observations have recently been re-
ported by Patrick et al. for a PdH RE in aprotic solvent-
based electrolytes upon increasing the hydrogen pres-
sure, i.e., from ~0.04 to ~1.01 bar. As a matter of fact,
temperature can cause a comparable change in pressure
as well, insofar the solvent’s vapor pressure gives a sig-
nificant contribution to the overall pressure [38]. For in-
stance, while the vapor pressure of DCM at —80°C is
negligible (0.30x107° bar), it increases to as high as
0.73 bar at +30°C (other solvents were measured at a
significantly larger temperature difference) [83]. We can
therefore draw similar conclusions to Patrick et al. as re-
gards the positive voltage shift of the Mini HydroFlex®
PdH RE. In addition to that, we believe that thermo-
diffusion/thermophoresis, i.e., the so-called Soret effect,
which can arise due to different heat capacities of the

solvents and electrode materials, is implicated
(comprehensive discussion in SI section S5) [84-87].

As outlined in the previous section on diffusion co-
efficients at room temperature, the temperature-depend-
ence of diffusion kinetic parameters was addressed in
terms of the Randles-Sev¢ik equation (Figure 7 consider-
ing DCM a case in point, refer to SI section S6.9 for other
solvents). The such-derived set of temperature-depend-
ent diffusion coefficients of Fc in various organic sol-
vent-based electrolytes is summarized in Table S3. Due
to the previous lack of a flexible setup for electro-
chemical measurements in broad temperature ranges,
reference data were available mostly at and around room
temperature. While a comprehensive cross-check is
therefore impossible, the extracted diffusion coefficients
at room temperature could be convincingly cross-vali-
dated with literature data, thus lending reliability to our
data.

The validity of our data has been further assessed
through the determination of diffusional activation en-
ergies via the Arrhenius approach [88]. Arrhenius plots
of the logarithmic diffusion coefficients as a function of
inverse temperature are presented in Figure 8a. Ex-
cellent linearity over the investigated temperature range
prevails in all cases (R*=0.98-1.0) allowing for the
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extraction of diffusional activation energies via the
“linearized” Arrhenius equation (eqn. S8), or by the
slopes of best fits (lin. reg.) to the Arrhenius plots, re-
spectively, according to eqn.S9 [89-91]. Such-derived
diffusional activation energies are presented in Figure 8b
and follow the order DMF (24.840.2 kJmol")> Pyri-
dine (14.54+0.7 kImol ")>DCM (13.0+0.7 kImol ') >
DMSO (12.64+0.1 kImol ))>THF (9.940.3 kImol ).
While this is the most comprehensive study evaluating
diffusion kinetic parameters over broad temperature
ranges as of yet, a comparison with literature is not

0.2 0.4 0.6
V().S / (V S—I)O.S

FIGURE 7 Temperature-dependent Randles-Sev¢ik plots for
the oxidation of Fc on a 2 mm diameter Pt plate WE in DCM

(0.1 M NuBu,PFg; 0.001 m [Fe(CsHs),]) between —80°C and +30°C
at various temperature levels incremented by 10 °C steps. Symbols:
Average including standard deviation based on three consecutive
measurements (0= +0.72). The experimental data has been
approximated by best fits (lin. reg., R*=0.99-1.0). Note, a constant
symmetry barrier coefficient (¢ =0.5=const.) is assumed [67].

@)

\ @ DCM @ THF @ DMF
9 . DMSO @ Pyridine

lin. reg.

0.004  0.005

T /K

0.003

easily feasible (similar to temperature dependent
diffusion coefficients, as discussed above). Although the
majority of reported diffusional activation energies for Fc
as based on few temperature levels starting from room
temperature upwards, the E,, values presented herein
are of a similar order of magnitude (see SI section S6.11
for examples).

We note that the Arrhenius treatment of the data in
pyridine had to be limited to ¥ < +60°C. At elevated
temperature we observed a sudden, irreversible drop of
the diffusion coefficients that is likewise evident from
significantly declining CVs (see Figure S11). For in-
stance, D at +80°C has declined to 0.41x10° cm?s},
matching the data at ¥=-—30°C. Consequently, we re-
peated the series (not shown). The same irreversible de-
cline of CVs and diffusion coefficients is observed > +
60°C. Thermally-induced decomposition of Fc or Fc*
can be discarded, as has been demonstrated by measure-
ments up to +80°C in other solvents. Rather, all the evi-
dence suggests a thermal reaction of Fc and or Fc* with
pyridine.

4 | SUMMARY

At present, recording of valid electrochemical in-
formation at cryogenic temperature conditions is not a
routine task. While ad-hoc setups relying on immersion
in stationary cooling baths can usually cope with a few
of the low-temperature inherent challenges, lacking pre-
cise temperature regulation/conditioning and reliable
reference potential assessment massively affect reprodu-
cibility among the measurements, even within the same

(b)
30
l A1 —==—
o
= 20
L)
= ]
\Q 104 &
A o
0
Solvent

FIGURE 8 (a) Arrhenius plots including best fits (lin. reg., R*=0.98-1.0) and (b) diffusional activation energies (E, ) for the
oxidation of Fc on a 2 mm diameter Pt plate WE in DCM, THF, DMF, DMSO and Pyridine (0.1 m NBu,PF;; 0.001 M [Fe(CsHjs),]). Symbols/
bars: Average values including standard deviation based on three consecutive measurements.
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laboratory. Herein we provide a detailed technical report
and discussion of the design and construction of a robust
temperature-variable electrochemical setup, particularly
laid out for electrochemical measurements at cryogenic
conditions. Technical approaches to precise temperature
conditioning with a stability of +0.05 K and the strict ex-
clusion of atmospheric intrusions are given in detail.
Gas-tight integration of all components into the electro-
chemical glass-cell resulted in a highly reproducible ar-
rangement of the three-electrode setup exhibiting a min-
imal iR drop, the thermometer for temperature control
and the gas in-/outlet for providing thermostated and
solvent-saturated Ar. The need for flexible variation of
temperature likewise required the modification of a
commercially available palladium hydride reference
electrode (PdH RE). PdH RE is modified by means of H,
supplied via an external RE setup such as to endure op-
eration at cryogenic conditions under rapid temperature
cycling in aprotic organic solvents. Operational capa-
bility and reliability of the cryo-electrochemical setup
was validated by cyclic voltammetry (CV) of the Fc|Fc*
redox couple in a number of representative organic sol-
vent-based electrolytes including DCM, THF, DMF,
DMSO and pyridine. From CVs at multiple potential
scan-rates and temperature levels we extracted temper-
ature-dependent diffusion coefficients (D) and diffu-
sional activation energies (E, ) towards the oxidation of
Fc. While good agreement was found with literature val-
ues at room temperature, we were able to expand the da-
tabase to include wider temperature ranges. Thus, be-
sides providing a comprehensive data set towards
temperature-dependent diffusion kinetic parameters in
the various organic solvent-based electrolytes, the de-
tailed descriptions given herein, will allow the interested
fellow researchers to easily replicate setups and proce-
dures, removing hurdles on performing accurate and re-
liable temperature-dependent electrochemical measure-
ments in the future.
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