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Abstract: Electrodissolution-coupled hafnium alkoxide synthesis (EHS) is a promising pathway for efficient electro-
synthesis. It employs simultaneous heterogeneous reactions of Hf dissolution and ethanol dehydrogenation, and
spontaneous solution-based combination reaction between Hf** cations and alkoxy anions. To elucidate the mechanism
and kinetics of EHS process, the electrochemical behaviors of anodic Hf dissolution and cathodic ethanol
dehydrogenation were explored through electrochemical measurements, SEM observations, gas chromatography, and
micro-kinetics modeling. The results indicated the supporting electrolytes of tetracthylammonium chloride (EtsNCIl) to
be preferable, which facilitated a passive-film-punctured pitting mechanism for Hf dissolution and a two-stage
dehydrogenation mechanism. Three indicators related to passive rate, sensitivity towards puncture of the passive film,
and pitting rate were extracted to quantify the kinetics of passive puncture and Hf corrosion. Micro-kinetics models
were developed to evaluate the EtsNCl-based EHS process, which achieved electric energy requirements of
1.53—1.83 kW-h/kg Hf(OC,Hs)4.

Key words: hafnium alkoxide synthesis; tetracthylammonium chloride; hafnium dissolution; ethanol dehydrogenation;
electrochemical mechanism; electrochemical impedance spectroscopy (EIS); micro-kinetics modelling

reducing scale of semiconductor devices. High

1 Introduction

Currently, the tunneling currents of silicon
dioxide/silicon (SiO,/Si)-based metal oxide semi-
conductor (MOS) devices increase exponentially as
the thickness of SiO, approaches the atomic level,
which seriously affects its durability and reliability.
It significantly reduces its application scale in the
semiconductor industry [1,2]. Therefore, it is urgent
to replace SiO» through a new gate dielectric film
with a capacitance equivalent thickness of sub-1nm
and a new channel substrate with high mobility and
low power consumption to meet the continuously

dielectric constant gate hafnium oxide (HfO,)-
based dielectrics covered on III-V compound
semiconductors [3—6], such as indium gallium
arsenide and indium phosphide, indium arsenide,
are prioritized for next-generation large-scale
semiconductor integration applications due to their
advantages of good controllability, high stability,
high dielectric constant and excellent compatibility [7].
As excellent precursors, hafnium alkoxides
[Hf(OR)4, R is alkyl] have successfully prepared
HfO, by atomic layer deposition (ALD) [1,8], and
compared with metal chlorides, Hf(OR)4 has many
desirable advantages, such as high reactivity, low
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deposition temperature and no risk of chlorine
pollution on thin films [2,9].

Halide synthesis is the dominant technology
for thermally-driven synthesis of the Hf(OR)4 [10],
which is expressed mainly via the reaction of
HfCl4+4ROH+4NH; . Hf(OR)4+4NH4Cl. Besides
the chemical synthesis process, the halide synthesis
approach also includes halide preparation, solid
waste filtration, and purification of crude Hf(OR)4
by distillation. Although the traditional halide
synthesis is the most mature for Hf(OR)4 synthesis,
its wide industrial deployment is seriously restricted
by undesired environmental burden and inefficiency.
The undesired environmental burden is caused by the
NH4Cl solid waste, toxic gases such as chlorine
and benzene, as well as large carbon dioxide
footprints [11]. The tedious steps, various side-
products, and low thermal efficiency of the halide
synthesis incur inefficiency and low yield of
Hf(OR)4 (less than 70%) [10].

To address the challenges of wundesired
environmental burden and inefficiency, we proposed
a promising electrodissolution-coupled Hf(OR)4
synthesis (EHS) system, which adopts anhydrous
alcohol as a solvent and metal Hf as feedstock, for
green and efficient electro-synthesis of Hf(OR)s.
The EHS process employs anodic Hf dissolution,
cathodic alcohol dehydrogenation, and spontaneous
combination reaction of Hf*" with OR™ to achieve
the electro-synthesis of Hf(OR)s. The efficient
metal dissolution inspires the scheme in the
hydrometallurgical electro-refining area [12,13] and
the green preparation of hydrogen gas in the
renewable energy area [14,15]. Compared with the
conventional thermal method, the EHS system has
the environmental advantages of no solid waste, no
toxic exhaust, and high efficiency. During the EHS
process, only negative carbon side-product
hydrogen [16] is collected with no generation of
solid waste or toxic waste. The electron in the
Faradaically-driven EHS process directly acts on
the target material to accurately regulate the charge
transfer, which promotes its efficient electro-
synthesis.

In our previous works, we explored the
electrochemical behaviors of the EHS process in the
tetraecthylammonium hydrogen sulfate (Et4NHSO4)-
based system [17], and found that the efficient
operation of the Et4qNHSOs-based EHS process was
severely hindered by the weak anodic hafnium

dissolution/corrosion ~ occurred  inside  the
spontaneously-formed passive film. It indicated that
the EtsNHSOs-based EHS process needed to
address the challenge of inefficiency in the anodic
process to make it technically-feasible. Fortunately,
we found an excellent tetraethylammonium chloride
(EtsNCl)-based EHS system [18], and focused on
investigating its technical viability and economic
applicability. It successfully demonstrated waste-
free and efficient production of high-purity Hf
ethoxide [Hf(OC:Hs)s4], indicating a significant
advance in the sustainability and efficiency of the
EtuNCl-based EHS system over traditional
thermally-driven Hf(OR)4 synthesis and EtsNHSO4-
based EHS synthesis. It is noted that the current
work, as an important theoretical foundation for our
above work [18], was significant in guiding the
proof-of-concept operation of the EtsNCl-based
EHS system and revealed why the EtsNCl-based
EHS system efficiently operated and developed the
micro-kinetics process models based on the
chronoamperometry and chronopotentiometry to
optimize the operation process.

In this work, we focused investigations on the
electrochemical mechanism and kinetics of the
EtsNCl-based EHS process that used green ethanol
and Hf metal as feedstocks, with results to offer
guidance for practical production. Firstly, we explored
the influence mechanism of supporting electrolytes
on the EHS electrode processes through cyclic
voltammetry (CV) and linear sweep voltammetry
(LSV), combined with gas chromatography and
SEM observations. This helped us identify the
EtuNCl1 as the preferable supporting electrolyte.
Then, we investigated the mechanism and kinetics
of the cathodic and anodic processes in the EtsNCI-
based EHS system by various electrochemical
techniques, including chronoamperometric (CA),
chronopotentiometry (CP), and electrochemical
impedance spectroscopy (EIS). Finally, we
construct validated micro-kinetics process models
to estimate the performance for the EtsNCl-based
EHS cells. The obtained experimental and modeling
results provided valuable enlightenment for the
efficient operation of the EHS system.

2 Process description of EHS

The EHS system with ethanol and metal Hf as
feedstocks is composed of the electro-synthesis
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process for the preparation of crude Hf(OR)s and
purification processes including atmospheric and
vacuum distillations for the preparation of
high-purity Hf(OR)4 (Fig. 1). Firstly, the electro-
synthesis of Hf(OR)s was performed to prepare
crude Hf(OR)s. Subsequently, the normal
purification process was performed to distill and
recycle the mixed solvent of ethanol and
acetonitrile at atmospheric pressure, and then to
distill and collect the high-purity Hf(OR)s at
vacuum pressure.

The theoretical operation mechanism of the
EHS system is shown in Fig. 2, which indicates the
synergistic heterogeneous reactions of cathodic
dehydrogenation, anodic hafnium dissolution, and
solution-based combination reaction. Specifically,
the anodic Hf is electro-dissolved into solution in
the form of Hf*" cations, via reaction (Reaction 1).
Adsorbed ethanol (C,HsOH) is dehydrogenized to
form C;HsO™ anions and hydrogen gas (H»), via
Reaction 2. The Hf*" cations and C,HsO™ anions
migrate to each other and spontaneously form
hafnium ethoxide [Hf(C,Hs0)4], via Reaction 3.

Hf—Hf*"+4e (1)
2C,HsOH+2¢—2C,Hs0 +Hs 1 )
Hf4++4C2H507—’Hf(C2H50)4 3)

3 Experimental

3.1 Materials

All the reagents used in the experiment include
ethanol (anhydrous grade, >99.5%), acetonitrile
(anhydrous grade, >99.8%), tetraethylammonium
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chloride (EtNCI), and tetracthylammonium
hydrogen sulfate (EtsNHSO4). They were purchased
from Aladdin without further purification.

3.2 Electrochemical measurement

The electrochemical behaviors of the EHS
system were measured by a typical three-electrode
system. The working electrode used for the
investigation of anodic behaviors was a hafnium
wire sealed in a polytetrafluoroethylene rod with a
diameter of 3 mm (working area 0.047 cm?), while
for the investigation of cathodic behaviors was a
platinum (Pt, purity of 99.99%) sheet with an area
of 0.07 cm®. A Pt plate with an area of 1 cm? and a
saturated calomel electrode (SCE) were used as
auxiliary electrode and reference electrode,
respectively. The electrochemical measurements
were performed in a mixed electrolyte of ethanol
and acetonitrile (volume ratio 1:1) containing
EtsNCI or Et4sNHSO4 (0.02 to 0.10 mol/L).

Prior to each experiment, the working
electrode was polished with metallographic
sandpaper (coarse-P1200 to fine-P3500), and

treated with ultrasonic device to remove loose
adsorbed ions. Then, it was washed with anhydrous
ethanol and wiped dry with mirror tissue. The
electrodes were immersed in an electrolyte purged
with high-purity nitrogen to remove dissolved
oxygen until the open circuit potential was stable.
Cyclic voltammetry (CV) and linear sweep
voltammetry (LSV) were measured at different
scanning rates (1-50 mV/s), and the obtained
results were corrected by IR drop compensation.
The chronoamperometric measurements (CA) were

Electro-synthesis Purification
- + High-purity
Condenser Condenser hafnium
alkoxide
—> | Liq. —> Liq.
1# Atmospheric
distillation
1# 21
2# Vacuum
T distillation
Alcohol
solution
Gas Gas
@ Anode (Hf)-dissolution |
@ Cathode (Inert metal)- Crude I F emnalr}t
dehydrogenation hafnium oreycie
alkoxide utilization

Fig. 1 Schematic flow diagram of EHS scheme for preparing high-purity Hf(OR)4
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Fig. 2 Schematic of theoretical operation mechanism in
EHS electro-synthesis process

obtained at different EtsNCl concentrations and
temperatures by constant potentials (1.6 to 4.0 V for
anode, —1.6 to —0.5V for cathode), while the
chronopotentiometry (CP) was measured by
continuous current densities (0.0015 to 7.5 mA/cm?
for anode, —0.1 to —10 mA/cm? for cathode). The
direct current measurements used in the experiment,
such as CV, LSV, CA and CP, were performed by
the  CHI660E  electrochemical  workstation
(Shanghai CH Instrument Company, China).
Electrochemical impedance spectroscopy (EIS) was
measured using Gamry Reference 600+ of 10 mV
alternating current signal in the frequency range of
0.1 MHz to 0.1 Hz. The kinetics parameters of EIS
were obtained by fitting all EIS spectra with the
equivalent circuit in Gamry Echem Analyst. To
investigate the corrosion mechanism of Et4NCI and
EtsNHSO4 systems, SEM (TESCAN Vega3 SBH)
observations were used to analyze the surface
morphology of Hf samples by chronoamperometry
at 100 s under different potentials. The compositions
of the collected gas samples after electrolysis at a
current of 1.12 A for 68 h were analyzed by gas
chromatography (GC-QP2010 Ultra) under the
following conditions for electrolysis: anode plate of
11.6 cm x 8 cm; cathode plate of 14 cm x 8 cm;
polar distance of 1 cm; cell size of 12 cm X 5 cm X
17cm; 0.8L mixed solvent of ethanol and
acetonitrile  (volume ratio 1:1); 0.06 mol/L
supporting electrolyte (EtaNCI or Et4NHSO4).

3.3 Numerical analysis of kinetic parameter

The relationship between pitting potential (¢pi)
and the square root of the scanning rate (v'?) was
obtained by using the least square fitting program

as follows [19,20]:
Poir =VV/a+ 4 4)

where v is the scanning rate; o and A4 are constants.
The lgJ-lgt¢ relationship based on the
chronoamperometry can be expressed as [21,22]

lg J=A—mlg ¢ (5)
lg J=B+nlg t (6)
where J is the current density; B is the constant, m
and n are the slopes of IgJ-lg ¢, m represents the

parameter related to passive rate, and n represents
the parameter related to pit growth rate.

3.4 Micro-kinetic modeling

Based on the kinetics of anodic hafnium
electro-dissolution and cathodic dehydrogenation of
the EHS process extracted from CA and CP curves,
the micro-kinetics modeling was carried out at
different current densities. The cell potential
difference (Ag), solution potential drop (Agsor), and
anodic (¢.) and cathodic (¢.) potentials were
calculated by the following equations [23]:

Log+Jop
Ap=A@sort(pa—c), Apsor= . (7
2.303x8.314T
pa=Palg J-a., f,=—"""T— (8)
oyzF
2.303x8.314T
C:_ Cl J+(Xc, C:— 9
p=Plg B booF )

where Lpq is the polar distance and is set as 1 cm;
Jap 1s the applied current density; o is the
conductivity of electrolyte containing Et4NCl; a,
and a. are constants related to the anode and
cathode, respectively; £, and f. are the Tafel slopes
of anode and cathode, respectively; T is the
temperature; z is the number of electrons involved
in the electrode reaction; £ is the Faraday constant,
96485 C/mol; ap and fy are the anodic and cathodic
charge transfer coefficients, respectively.

We simulated the electrolysis process with the
concentration of dissolved Hf*" cation increasing
from 0 to 200 g/L and estimated the required charge
and theoretical amount of Hf{OC>Hs)4 synthesized
in the EHS process. Thus, the modeled energy
consumption (Wn) can be estimated through the
following equation [18,24—26]:

0
Apd
Wm:M (10)

Aty oc,my),
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where (@ is the charge involved in Faraday
reactions; Any ey, 1 the theoretical amount of
Hf(OC,Hs)4 synthesized in the EHS process, which
is calculated by the Q. The modeled electricity
charge (Cn) is calculated based on the obtained Wn,
and average industrial electricity charge of
0.113 US$/(kW-h).

4 Results and discussion

4.1 Influence mechanism of supporting electrolytes

We firstly performed cyclic voltammetry (CV)
and linear sweep voltammetry (LSV) combined
with gas chromatography and SEM observations to
explore the influence mechanism of two typical
supporting  electrolytes,  tetraecthylammonium
chloride (EtNCI) and  tetracthylammonium
hydrogen sulfate (Etu2NHSOs) on the electro-
chemical behaviors of EHS system, to identify the
preferable electrolyte for the practical operation
(Fig. 3).

The CV curves, complemented with the SEM
images, reflects two types of anodic dissolution/
corrosion mechanisms induced by the two
supporting electrolytes.

Figure 3(a), complemented with Fig. 3(c),
reflects an efficient pitting mechanism of the anodic
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Hf dissolution in the Et4NCI system. Specifically,
Fig. 3(a) shows that with scanning potential
towards a positive value, the current density is at a
low level within an extended passivation region.
This is due to the spontaneously-formed passive
film of hafnium oxide (HfO,) on the electrode
surface [27]. With potential reaching a critical value
denoted as pitting potential (¢pi), the current
density gradually increases rapidly, indicating a
gradual puncture on passive film and initiation and
propagation of corrosion on bare Hf [27]. After
scanning reversal, current density returns to the low
level and forms an apparent anticlockwise hysteresis
loop, a typical feature of pitting corrosion [28]. The
SEM observations (Fig. 3(c)) confirm the pitting.
Note that with increasing potential scanning rate (v)
from 1 to 50 mV/s, the @i shifts to a more positive
value. To quantify this phenomenon, we constructed
the mathematical relationship between @i and v'”?
via Reaction (1) and obtained a numerical model of
Ppi=2.48v'2+3.18 with the correlation coefficient
() of 0.98 (Fig.Sl, in supplementary materials,
SM). This result can be explained by incubation
time [29], which is shorter at a higher scanning rate
due to the shorter time to puncture the passive film
and induce the pitting corrosion. In other words, at
lower scanning rates, puncture of the passive film

v/(mV-s")
3rd
stage

o(vs SCE)/V

Et,NCl-gas sample

A Et,NHSO,-gas sample

—_——— A Standard hydrogen

5t() B 0.25(b)
v/(mV-s)
& 4r & 020
5 3l '] §oast
f&/ 2r 10 é 0.10r
St 2 S 0,05}
> 150
o - %ﬁ%ﬂ‘ 0 L
-1 0 1 2 3 4 -1
o(vs SCE)/V
30 50,
(ozs_v(m s _v(m s
|E 50
5 20 "5
é 15 10
4 10} 5
5 1| ~ Pq
0 . ’.ﬁf} \
-2 -1 0 1
o(vs SCE)/V

o(vs SCE)/V

I 0 2 4 6 8 10 12
Retention time/min

Fig. 3 Influence mechanism of supporting electrolytes (EtsNCl or EtsNHSO4) on EHS electrode process: Cyclic
voltammetry curves on Hf at different scanning rates in Et4NCI (a) or E4NHSO4 (b) system; SEM images of EtsNCl (c¢)
or Et4qNHSO4 (d) system; Linear sweep voltammetry curves in Et4NCl1 (e) or E4NHSO4 (f) system; Gas chromatography

of collected gas sample after electrolysis (g)
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and pitting corrosion of the bare Hf can be
sufficiently achieved with enough incubation time.

Figure 3(b), complemented with Fig. 3(d),
reflects a weak corrosion mechanism under passive
film in the Et4NHSO, system. Specifically, Fig. 3(b)
shows that with scanning potential toward positive
value, the current density passes through three
stages: transition, passivation, and trans-passivation.
The transition stage exhibits a rapid increase of
current density to a nearly stable value. The
passivation stage shows a weak increase in current
density, which is attributed to the dissolution/
corrosion of Hf under the spontaneously formed
porous passive film and the diffusion of dissolved
Hf*" cations into the electrolyte solution through the
passive film pores [17]. The trans-passivation stage
shows a sudden increase again in current density.
After scanning reversal, the current density returns
without an anticlockwise hysteresis loop. The
overall current density is at a low level because of
the high resistance of the porous passive film to the
diffusion of dissolved Hf*" cations. Figure 3(d)
confirms the weak corrosion under the passive film.
The current densities within the passivation stage
were extracted to construct a relationship with v!2,
presenting linear relations (Fig.S2 in SM). It
confirms that EtsNHSOs; contributes to the
corrosion under passive film with Hf*" diffusion
within the pores as the controlled step. Comparing
the above two systems, we conclude that the Hf
dissolution/corrosion is thermodynamically and
kinetically easier to induce in the EtsNCl system
than in the Et4sNHSO,.

The LSV curves (Figs. 3(e, f)), complemented
with the gas chromatography (Fig. 3(g)), reflect a
two-stage dehydrogenation reaction mechanism in
both the EtsNCI and EtsNHSOj4 systems [30]: At the
first stage, with the potential scanning to a typical
value, denoted as dehydrogenation potential (gq),
the gas bubble appears due to dehydrogenation of
the ethanal adsorbed on the electrode surface with
hydrogen evolution. With continuing to scan
potential, the bubble releases gradually become
intense, owing to the increasing overpotential that
drives the dehydrogenation reaction. In the second
stage, the current density increases more rapidly
with decreasing applied potential compared to the
first stage. This indicates a transition to
dehydrogenation mode, and the second stage is
more desirable for the practical operation of the

EHS cathode process. Figure 3(g) confirms the
evolution gas to be hydrogen gas, demonstrating the
dehydrogenation reaction mechanism. Despite
scanning at different rates for the two systems, the
shape and trend of LSV curves do not change
radically, indicating little influence on the two-stage
dehydrogenation reaction mechanism. The dehydro-
genation processes of the two systems are
thermodynamically and kinetically acceptable.

Overall, the above results provide a
meaningful comparison between FEtsNCl and
EtsNHSO4 and help us identify the EtsNCI system
as the preferable one, in which the thermo-
dynamically possible and kinetically-efficient
hafnium dissolution and ethanol dehydrogenation
can be achieved at appropriate potentials. It also
demonstrates the theoretical operation mechanism
in Fig. 2.

4.2 Cathodic behavior of Et;NCl-based EHS

After determining EtNCI as the suitable
supporting electrolyte, we further explored the
cathodic dehydrogenation behaviors at the constant
cathodic potential in the EtsNCl-based EHS system
(Fig. 4), with results to guide its practical operation.
Figure 4(a) shows that, at relatively positive applied
potentials (pap) from —0.4 to 0.5V, the current
density rapidly approaches nearly zero. It indicates
that these applied potentials are insufficient to
trigger a cathodic dehydrogenation reaction. On the
other hand, with ¢., from —0.8 to —1.6 V, the current
density decreases rapidly to a steady-state value
(Jss), accompanied by many bubbles released
around the electrode surface. This indicates
occurrence of the ethanol dehydrogenation reaction.
The rapid decrease region of current density is
attributed to the charging process, while the Jg
region is assigned to stable ethanol dehydro-
genation with hydrogen gas (H) releasing. These
are consistent with the LSV results that beyond ¢,
and the dehydrogenation occurs with the evolution
of Hz.

Note that the shifting ¢., towards a negative
value and increasing Et4NCl concentration
(Fig. 4(b)) and the temperature (Fig. 4(c)) enhances
the Js, indicating improvements in the kinetics of
the cathodic dehydrogenation process. To quantify
the influence of these three factors on the kinetics,
we extracted the Ji and constructed their relationships
with three factors (Fig. S3 in SM), presenting linear
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Fig. 4 Curves of cathodic transient current density vs
time obtained by chronoamperometry at different
cathodic potentials (a), different concentrations of
Et4NCl (b), and different temperatures (c)

relations. The numerical models are as follows: for
the factor of @ap, 1g Js=—1.330.,—1.30 with R? of
0.98; for the EtsNCl concentration (C), 1gJs=
2.96C+0.27 with R? of 0.99; for the temperature (7),
lg J=0.01740.17 with R? of 0.96. These numerical
models construct the mathematical relationship
between operation conditions, such as ¢a, C, and T

and cathodic kinetics (Ji). Using these, we can
deduce the kinetics performance at the @.p, C, and T’
beyond the values in this work, which guides the
practical cathodic operation of EHS.

Then, we investigated the cathodic dehydro-
genation behaviors at constant current density in the
EtsNCl-based EHS system, with results to guide its
practical operation (Fig.5). Despite different
applied current densities (—0.1 to =10 mA/cm?), the
applied potentials increase to a stable plateau (¢ss),
reflecting a transition from the charging process
within the double layer into the cathodic
dehydrogenation process. The ¢ of —0.35V at
0.1 mA/cm? corresponds to the ¢4 in LSV curve,
which indicates a thermodynamic initiation of
dehydrogenation reaction. With decreasing current
density from —0.1 to =10 mA/cm?, ¢ shifts from
—0.35 to —1.89 V owing to the Butler—Volmer
equation [31]. Higher applied current density
requires higher overpotential as a driving force to
match the required kinetics property. To quantify
the effect of J,, on the kinetics of the
dehydrogenation process, we constructed the
dependence of ¢s on Jy, (Fig.S4 in SM):
9, =—0.57J,} —0.21 with R* of 0.95. Using this
model, we can deduce the kinetics performance at
the J5, beyond the values in this work, which guides
the practical cathodic operation of EHS.

—05h -0.1 mA/cny?
/ -0.5 mA/cm?
r -1.0 mA/cm?
-1.0F
4 Pss
5 s -2.5 mA/cm?
Q L
2 -5.0 mA/cm?
= ol -10.0 mA/em?  ©
-2.5F

0 20 30 60 80 100
Time/s
Fig. 5 Curves of cathodic transient potential vs time
obtained by chronopotentiometry

4.3 Anodic behaviors of Et;NCl-based EHS

We investigated the anodic behaviors of
passive film puncture and Hf dissolution/corrosion
at the constant anodic potential in the Et4NCl-based
EHS system, with results to guide its practical
operation (Fig. 6). Figure 6(a) shows that at applied
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potential (@) from 1.6 to 2V, the current density
decreases to a nearly 0, which reflects the process
of formation, growth, and compactification of the
passive film. On the other hand, with ¢, from 2.8
to 4.0V, the current density rapidly decreases to a
minimum value in an induction period (%) due to
the formation and growth of the passive film. It then

70
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60 | 1.6V
— 20V 40V
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— 32V A
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Fig. 6 Curves of anodic transient current density vs time
obtained by chronoamperometry at different anodic
potentials (a), different concentrations of Et4NCl (b), and
different temperatures (c)

increases due to the passive film’s puncture and the
pitting's initiation and growth on the bare Hf.

Evidently, increasing the ¢, Et4NCI
concentration, and temperature does not change the
shape and trend of the J—¢ curves but increases the
overall current density. It indicates no radical
change in the anodic mechanism and improvements
in the kinetics of the passive puncture and Hf
dissolution. To quantify the effect of the three
factors on the kinetics, we converted the J—¢ curves
into the logarithmic scale (Fig.S5 in SM) and
extracted the |m| (related to passive rate), n (related
to pit growth rate) and the incubation time (f,
related to sensitivity towards puncture of the
passive film) based on Egs. (5) and (6), which are
recorded in Tables S1-S3 in SM. As the ¢qp
increases from 1.6 to 4.0 V, |m| decreases from 0.77
to 0.12, n increases from 0.40 to 0.74, and f
decreases from 24.00 to 1.80s. It indicates that
higher applied potential reduces the passive rate,
increases the pit growth rate, and improves the
puncture sensitivity of the passive film. Furthermore,
EtsNCI concentration and temperature factors show
almost the same effect on the anodic passive film
puncture and Hf corrosion. However, increasing
applied potential, EtsNCl concentration, and
temperature to excessive values would incur side
reactions, and bring pressure on the cyclic
utilization of solid EtsNCl and impair the stability.
Therefore, the stable and efficient anodic operation
of EHS requires appropriately applied potential,
EtsNCI concentration, and temperature.

Then, we further investigated the anodic
behaviors of the anodic passive puncture and Hf
corrosion at constant current density in the
EtsNCl-based EHS system to guide its practical
operation (Fig. 7). At Jy of 0.0015 mA/cm?, the
applied potential gradually increases to a steady
value due to the formation and growth of the
passive film. It indicates that the applied current
density is insufficient to trigger the passive film
puncture and subsequent pitting of the bare Hf. At
Jop of 0.75-7.5 mA/cm?, the applied potential
increases to a maximum (@max) due to the formation
and growth of the passive film, and then decreases
to a steady state value (¢s) due to puncture of the
passive film and growth of pitting corrosion. The
pmax indicates the competition between the growth
of passive film and its puncture, while ¢ indicates
stable pitting corrosion. To quantify the effect of Jup
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on the kinetics of the pitting corrosion, we
constructed the dependence of ¢ss on Jyp (Fig. S6 in
SM): s=0.531gJp+2.09 with R? of 0.99. With
increasing Ju, from 0.75 to 7.5 mA/cm?, ¢ss shifts
from 1.93 to 2.63 V. Higher applied current density
requires higher overpotential as a driving force to
maintain pitting corrosion based on the Butler—
Volmer equation [31]. Despite the promotion of Ja,
on the puncture of the passive film and pitting
corrosion on Hf, the J,, should not be too high to
avoid possible side-reactions. Therefore, to ensure a
stable and efficient anodic operation of the EHS
process, an appropriate Jyp is required.

al Pmax 7,50 mA/cm?

4.50 mA/cm?

o(vs SCE)/'V
w

1.50 mA/cm?
0.75 mA/cm?

N 0.0015 mA/cm?

0 10 20 30 40 50 60
Time/s

Fig. 7 Curves of anodic transient potential vs time
obtained by chronopotentiometry

To clarify the charge transfer kinetics of the
anodic passive film removal and Hf dissolution in
the EtuNCl-based EHS system, we explored the
electrochemical impedance  spectroscopy  at
different Et4NCIl concentrations (Fig. 8(a)). In the
higher-frequency region, the semicircle reflects the
characteristic of charge transfer of Hf corrosion
with the presence of the passive film. The
intersection of the semicircle with the real axis at a
higher frequency represents the solution resistance.
At the lower-frequency region, the “Warburg tail”
represents the diffusion characteristics of dissolved
Hf* cation within the passive film. Combined with
the Bode diagram (Fig. S7 in SM), the Nyquist
spectra show two time-constants in the high-
frequency and low-frequency regions, respectively.

The Nyquist data were fitted through a typical
equivalent circuit (Fig. 8(b)), which consisted
of internal resistance Rq (electrolyte solution
resistance R;), Faraday impedance Z; (polarization
resistance related to charging transfer process Rp

and Warburg impedance reflecting the dissolved
Hf*" in the passivation film hole W), and double-
layer capacitance Cy (constant-phase element used
to replace the pure double-layer capacitor with high
fitting accuracy [32], CPE, QOx).

~ 8
56
@]
2 4t
E 2t SN
N . /‘ 0.10 mol/L
0 2 4 6 8 10 12 14 16
Z, o/ (kQ-cm?)
O
(b) Hﬂf
R, ‘ .
g 7071 o G SR S
Ro |
VAV, o
Z;

Fig. 8 Nyquist plots of EIS in Et4NCl-based EHS system
(a), and equivalent circuit used for fitting EIS spectrum
based on electrochemical process of EtsNCl-based EHS
system (b)

The fitting results are recorded in Table 1, and
their goodness of fit (R?) based on the equivalent
circuit (Fig. 8(b)) is more significant than 0.99,
indicating their validity. Table 1 shows that EtuNCI
concentration from increases 0.02 to 0.10 mol/L and
Rs decreases from 53.39 to 13.36 Q-cm? due to the
EtsNCl-driven increasing conductivity. As EtsNCI
concentration increases from 0.02 to 0.10 mol/L, R,
decreases from 10402.00 to 3215.10 Q-cm?, W and
Yo increase from 7.00x1077s"?/(Q-cm?) and
1.09x1077s%/(Q:cm?) to 1.21x107%s"*/(Q-cm?) and
1.50x1077s*/(Q-cm?), while the values of a close to
1 represent the CPE acting as a capacitive element.
This is because higher bulk Et4NCI concentration
results in its higher local concentration
corresponding increase in diffusion resistance, but
on the other hand this facilitates more adsorption of
CI” anion on the passive film and its chemical
removal [33,34]. Overall, the R, at 2.0 V and range
of 0.02—0.10 mol/L EtsNCl is high, indicating that
the passive film has not been punctured and the Hf
corrosion undergoes under it. It is consistent with
the CV and CA results that a high overpotential is
required to puncture the passive film and induce the
bare Hf dissolution. However, excessively high
overpotentials would trigger possible side reactions
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and incur inefficiency of the EHS anodic process.
Therefore, an appropriate applied potential is
required to ensure efficient EHS anode operation.

Combining results of the cathodic and anodic
behaviors, we gained important insights into the
EHS operation: (1) Modulating the applied
potential or current density, Et4NCI concentration,
and temperature at appropriate values is required to
ensure efficient puncture of the passive film and
dissolution of the bare Hf as well as efficient
dehydrogenation. It is essential to avoid the
low-current-density inefficiency and high-current-
density inefficiency with undesired side-reactions
and poor Faradaic efficiency, which achieves a
thermodynamically and kinetically desirable EHS
electrolysis; (2) The cathodic and anodic processes
are required to be kinetically balanced, to ensure
kinetics-symmetric electrode reactions. It is
essential to facilitate waste-free and efficient
operation. Therefore, in the practical EHS operation,
we should grasp the trade-off that facilitates
cathodic and anodic processes kinetically efficient
and mutually coordinated.

4.4 Micro-kinetics modeling of EtNCl-based
EHS

Based on the kinetics of CA and CP results for
cathodic dehydrogenation and anodic Hf dissolution
processes of EtsNCl-based EHS, we constructed
their micro-kinetics process model based on
Eqgs. (4)—(6) and evaluated their micro-energy
consumption based on Eq. (7), with results to guide
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optimization of EHS operation. Table 2 shows that
the modeled electric energy requirements (W)
calculated based on CA and CP results are very
close, indicating the high reliability of micro-
kinetics modeling. With increasing current density
from 50 to 75 A/m?, the W, increases from 1.53—
1.55kW-h/kg Hf(OC;Hs)s to 1.81-1.83 kW-h/kg
Hf(OC;Hs)s4, while the Cn increases from 0.17—
0.18 US$/kg Hf(OC:Hs)a to  0.20-0.21 USS/kg
Hf(OC,Hs)4. It indicates efficient EHS electrolysis.
This result is directly associated with the cell
potential drop, which increases from 5.12—5.17 V to
6.06—6.12 V, due to the effects of current density on
the overpotential based on the Butler—Volmer
law [31] and the solution potential drop based on
the Ohm’s law [35].

To validate the micro-kinetics process model,
we carried out the bench-scale operation of
EtsNCl-based EHS electrolysis  experiments,
demonstrating its reliability [18]. The model could
optimize experiment conditions, such as current
density, solution temperature, and polar distance,
which could save the experimental investment.

5 Conclusions

(1) The results indicated a robust pitting
mechanism with the puncture of the passive film for
the Hf dissolution process in the EtsNCIl system,
while a weak corrosion mechanism was shown
under the passive film in the Et4NHSO4 system.
Both systems of Et4NC1 and EtsNHSO4 indicated a

Table 1 Anodic charge transfer kinetics parameters of Et4NCl-based EHS system

C/(mol-L ™) RJ/(Q-cm?) Ry/(Q-cm?) Yo/(s*Q7-cm™?) a Wi(s">Q-cm™?) R?
0.02 53.39 10402.00 1.09x1077 0.91 7.00x1077 0.99
0.04 29.33 5275.90 1.30x1077 0.91 8.57x1077 0.99
0.06 21.02 3311.00 1.40x1077 0.91 1.05x10°° 0.99
0.08 15.84 3273.90 1.46x1077 0.90 1.17x10°° 0.99
0.10 13.36 3215.10 1.50x1077 0.90 1.21x10°° 0.99

Table 2 Micro-kinetics modeling parameters in Et4NCl-based EHS process

Technique  @(vs SCE)/V  ¢(vs SCE)/V  Agpso(vs SCE)/V  Ap(vs SCE)V  Ww/(kW-h'kg) Cu/(US$-kg™)
CA, 50 A/m? 2.62 -1.52 1.03 5.17 1.55 0.18
CP, 50 A/m? 2.51 —-1.58 1.03 5.12 1.53 0.17
CA, 75 A/m? 2.93 —1.64 1.55 6.12 1.83 0.21
CP, 75 A/m? 2.82 —-1.69 1.55 6.06 1.81 0.20
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two-stage dehydrogenation reaction mechanism.
The Et4sNCI system was preferable for the thermo-
dynamically viable and kinetically-efficient
operation of the EHS process.

(2) The result of cathodic dehydrogenation
behaviors for the EtNCl-based EHS process
revealed the numerical models that quantified the
dehydrogenation kinetics: For the applied potential
(@ap), 1g Js=—1.3304;—1.30 with R? of 0.98; For the
EtsNCI concentration (C), lg J=2.96C+0.27 with
R? of 0.99; For the temperature (7), 1g J=0.017+
0.17 with R? of 0.96.

(3) The result of anodic pitting behavior for the
EtsNCl-based EHS process revealed the typical
indicators, which quantified the kinetics of the
passive puncture and Hf corrosion, of |m/| (related to
passive rate), n (related to pit growth rate) and the
incubation time (%, related to sensitivity towards
puncture of the passive film). As the anodic
potential increased from 1.6 to 4.0 V, |m| decreased
from 0.77 to 0.12, n increased from 0.40 to 0.74,
and ¢y decreased from 24.00 to 1.80 s. It indicated
that higher applied potential reduced the passive
rate, increased the pit growth rate, and improved the
puncture sensitivity of the passive film.

(4) The above results gained insights into the
practical operation of the EtNCl-based EHS:
Modulating the applied potential, or current density,
EtsNCI concentration, and temperature at appropriate
values benefited efficient dehydrogenation, efficient
puncture of the passive film, dissolution of the bare
Hf, as well as kinetically balanced cathodic and
anodic processes.

(5) Micro-kinetics process models were
developed to analyze the EtNCl-based EHS
electrolysis based on chronoamperometry and
chronopotentiometry, which were validated by the
practical bench-scale operation [18]. The micro-
kinetics modeling achieved an electric energy
requirement of 1.53—1.83 kW-h/kg Hf(OC,Hs)4
and an electric charge of 0.17-0.21 US$/kg
Hf(OC,Hs)s.
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