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Combining Theory and Experiment to Characterize the
Voltammetric Behavior of Nickel Anodes in the Simons Process

Stefan Mattsson,*[a] Gene Senges,[b] Sebastian Riedel,[b] and Beate Paulus[a]

Abstract: The Simons process, otherwise known as the elec-
trochemical fluorination (ECF) method, is widely used in in-
dustry to electrolytically synthesize chemicals for various
purposes. Even to this day, the exact mechanism of the ECF
reaction remains unknown, but is believed to involve the

formation of an anodic nickel fluoride film with highly oxi-
dized nickel centers. In this study, experiments and density

functional theory calculations are combined to characterize
the initial anodic peak occurring at potentials typically re-
quired in an ECF cell. NiF2 is believed to form a passivating

layer at low potentials. The calculations show that a poten-
tial of + 3.1 V is required to oxidize surface Ni2 + centers to

Ni3 + . This is in good agreement with the measured anodic
peak at + 3.57 V.

Introduction

The Simons process is a widely used electrochemical fluorina-
tion method (often and herein simply referred to as ECF) for

the synthesis of partially or perfluorinated organic compounds
such as perfluorobutane sulfonic acid or triflic acid.[1–5] Per-

fluorinated compounds are widely used as surfactants as well
as in soil and stain-resistant coatings.[3, 5–10] The fluorination is

facilitated on anodically polarized nickel electrodes in anhy-

drous hydrogen fluoride (aHF).[1, 2, 11] The process usually runs at
current densities lower than 3.0 A dm@2 and cell voltages of 4.5

to 6.0 V whilst maintaining the temperature in the range from
0 to 15 8C.[1] Ever since its discovery in the 1940s by Joseph H.

Simons,[12–17] the mechanism of the Simons-type ECF has been
the subject of controversial debate. Two possible pathways
have been considered: the direct electrochemical oxidation

and subsequent fluorination of the organic molecule (ECbECN

mechanism)[3, 18–23] and the electrochemical generation of an

oxidizing and fluorinating agent such as fluorine (molecular or
radical) or highly reactive nickel fluorides such as NiF3

(NiF4).[1, 2, 24–27]

The ECbECN mechanism (Scheme 1) was introduced by Rozh-

kov in 1976.[20, 22] Rozhkov drew his conclusion from experi-

ments using Pt electrodes and aprotic solvents without consid-
ering the actual conditions of the Simons-type ECF (see

above).[3, 18, 19, 22, 23] The competition between perfluorination and
desorption from the electrode surface causes partial fluorina-

tion.[18]

In the Simons process, Ni anodes are used in aHF rather
than Pt anodes in an aprotic solvent.[1, 13–17] Under these condi-
tions, it was suggested that oxidizing Ni agents such as NiF3 or

NiF4 were formed electrochemically prior to the electrochemi-
cal fluorination of the organic substrate.[1, 2, 28, 29] This assump-

tion was supported in 1995 when Sartori, Ignat’ev, and Datsen-
ko experimentally proved that oxidation of N,N-dimethyltri-

fluoromethane-sulfonamide occurs on previously polarized Ni
anodes, even after disconnection of the cell from the power

supply.[28] In addition, in 1997, Bartlett et al. showed that both

the Simons-type ECF and the treatment of acetonitrile with R-
NiF3 lead to similar products.[29, 30] In 2003, Ignat’ev and Willner

reported a black film on the Ni anode during the electrochemi-
cal fluorination, which was observed to decompose quickly

when exposed to air. This film was believed to be solid, black
NiF3.[2, 29] Identical cyclic voltammograms were obtained when

using Ni anodes in neat aHF and for a solution of dibutylme-

thylamine in aHF, indicating that the observed anodic process
in aHF does not depend on the solute.[24] In fact, the ECbECN

mechanism is unreasonable for the fluorination of cationic
species and does not account for the substrate fluorination

after disconnection of the cell from the power supply (see
above).[25, 28]

Scheme 1. Schematic of the hypothetical ECbECN mechanism.
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Although previous experiments have suggested the forma-
tion of active nickel fluorides such as NiF3 or NiF4 on the Ni

anode,[1, 2, 24–26] compelling physical evidence is still missing. Ad-
ditionally, the electrochemical polarization and passivation be-

havior of nickel in various electrolytes such as (anhydrous)
HF,[24, 31–34] organic substrates dissolved in HF,[35, 36] and HF-con-
taining electrolytes such as NEt3·3 HF have been intensively in-
vestigated in the past.[37] However, a detailed understanding of
the ECF process is still missing and the active species in a

Simons-type ECF has not yet been clarified.
Well-prepared Ni anodes show an oxidation feature around

+ 4.0 V versus Cu/CuF2 in HF with low concentrations of water,
conductivity additive (e.g. , KF) or organic substrate dis-

solved.[31, 34–36] This oxidation potential rises significantly when
the water concentration in HF is lowered.[34, 36] A reduction

peak at + 1.0 V versus Cu/CuF2 was observed and assigned to

the reduction of fluorine.[32]

The rapid decomposition of the nickel fluoride film means it

is a tough case for characterization by, for example, spectro-
scopic methods. Quantum-chemical calculations may provide

insights to atomistic-scale phenomena for which measure-
ments are either inconceivable or highly challenging. Density

functional theory (DFT) is applied widely to surface chemistry

problems.[38–47] In recent years, improved methods have
emerged for DFT calculations on electrochemical systems with

many studies applying the computational hydrogen electrode
(CHE) formalism.[48–50] In this study, we set up cyclic voltamme-

try (CV) experiments and characterize the first oxidation peak
in silica, based on DFT models.

Results and Discussion

Cyclic voltammetry measurements

A typical cyclic voltammogram (Figure 1, scan rate 50 mV s@1)
of the following system Ni jNiFx jHFlkHFl jH2,g jNi (x+2) con-

tains only one distinct oxidation feature at + 3.57 V versus the
Pt quasi-reference electrode (QRE), and one reduction feature

at + 1.42 V, thus indicating two irreversible electrochemical
processes. Even at potentials as high as + 7.0 V, no additional

oxidation peaks are observed.
Initial formation of a passivation layer on the freshly pre-

pared Ni anode occurs upon application of an oxidizing poten-
tial.[1, 24, 32] It is known that when metallic Ni is exposed to gas-

eous or liquid HF, the formation of NiF2 is exergonic.[51] NiF2 as
an electrical insulator is consistent with its proposed role in
the passivation of the anode.[52]

NiF2 surfaces and their potential-dependent fluorination

If NiF2 is assumed to form a passivating layer on the anode at

low voltages, it is conceivable that the first CV peak involves
oxidations at various facets of NiF2 surfaces. In the rutile bulk
structure of NiF2, the Ni2 + centers are six-fold coordinated (see

Figure S1 in the Supporting Information).
In this project, surface models for a certain Miller index (h k l)

are constructed according to the two-dimensional slab model
where the surface normal points along the [h k l] vector. The

surface energy, g, is defined as the energy per surface unit to
create a surface cut. The slab model and calculation of g are

described in Section 2 of the Supporting Information.

We consider the low-index surfaces (11 0), (1 0 0), (1 0 1),
(0 0 1), and (111). Depending on the amount of F@ ions at the

surface (i.e. , the surface termination), the oxidation state of
surface Nix + varies between 1<x<3.[53] We first consider x = 2,

which we refer to as stoichiometric surfaces. Reduced (x = 1)
and oxidized (x = 3) surfaces are referred to as redox surfaces.

Depending on the Miller index, stoichiometric surfaces show

lower coordination numbers (CN) at the surface Ni2 + centers.
In Table 1, we present the stoichiometric surface energies, gs,

which are calculated with the HSE06 functional. Notably, surfa-
ces with higher surface CNs yield lower surface energies. The

surface energies and their ordering are consistent with previ-
ous DFT studies on the surface energies of the analogous

rutile-type MgF2 and ZnF2.[54, 55]

Slabs that contain an excess or deficiency of F@ at the sur-
face lead to oxidized or reduced surface Ni centers, respective-

ly.[53] A reservoir of F@ is given in HF. For each additional F@

added to a stoichiometric NiF2 surface, one H+ is consumed to

form 1=2 H2. A potential versus the CHE, V, is applied a posteri-

Figure 1. Cyclic voltammograms (scan rate 50 mV s@1) in the potential
window from 0.0 V to + 7.5 V of the system Ni jNiFx jHFlkHFl jH2,g jNi (x+2)
at 0 8C.

Table 1. Surface properties of the NiF2 surfaces. The surface energy for
the stoichiometric (Ni2 + at surface) surfaces and surface oxidation poten-
tial versus the CHE are calculated with HSE06 in structures optimized
with PBE + U. The surface energies depend on the coordination number
of the surface Ni2 + centers.

gs [J m@2] Surface CN Vox,(hkl) [V]

(11 0) 0.62 6, 5 + 3.21
(1 0 0) 0.69 5 + 3.09
(1 0 1) 0.73 5, 5 + 3.03
(0 0 1) 0.95 4 + 2.71
(111) 1.08, 1.13[a] 5, 4 + 1.74

[a] The (111) surface has two different terminations, giving stoichiometric
surfaces with slightly different gs values but the same CNs.
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ori, which shifts the electrochemical potential of electrons line-
arly. As half a H2 molecule is considered to be in equilibrium

with H+ and an electron transferred from the anode, this shifts
the chemical potential of H2 linearly. The two molecules are

calculated with DFT methods and expressed as chemical po-
tentials at ambient conditions, through use of thermodynamic

tables.[56, 57] An advantage here is that entropic effects of the
liquid HF need not be considered explicitly, which would dras-
tically increase the complexity of the DFT calculations. On the

other hand, as the NiF2 surfaces are calculated in vacuum, sec-
ondary solvent effects at the anode/electrolyte interface are
neglected. This topic on its own will be subject to further stud-
ies.

The CHE establishes a theoretical reference electrode, which
may be directly compared with the Pt quasi-reference elec-

trode (QRE) applied in the CV experiments. This methodology

is based solely on thermodynamic equilibria, with the advant-
age that electron transfers at the electrodes need not to be

described explicitly. The approach is closely related to ab initio
surface thermodynamics, which is typically employed to study

adsorbate coverages as a function of thermodynamic variables
such as temperature, partial pressure or, as in this work, the ex-

ternal potential, V.[46, 47] For a detailed description of the model,

we refer to Section 2 of the Supporting Information.
All surface structures are presented in Figure 2. In all oxi-

dized surfaces, F@ is added to a free coordination site of the
stoichiometric NiF2 surface. This increases the surface CN to six

(full coverage) for (11 0), (1 0 0), and (1 01), whereas the (0 0 1)
surface has the lower CN of five. In all cases, the added F@ is

monodentate and its bond length varies between 1.735 and

1.715 a, which is more consistent with the Ni@F bond length
in crystalline NiF3 (1.88 a[29, 58]) than that of NiF2 (2.02 a; Sec-

tion 1 of the Supporting Information). The very small bond
lengths may be explained by the F@ ion exposed to the

vacuum. All Ni3 + centers (d7) are characterized by their mag-

netic moment, which, owing to the high-spin configuration,
varies between 2.14 mB and 2.18 mB. This is in good agreement

with the corresponding magnetic moment of 2.30 mB in crystal-
line NiF3, which was calculated with HSE06.[58]

For the oxidized (111) surface, the added F@ bridges be-
tween two surface Ni centers leading to an increase in CNs

from five and four to six and five. The formed Ni3 + center is
five-fold coordinated and situated in a pocket at the surface.
The free coordination site is facing directly away from the sur-

face. Interestingly, this leads to a low-spin configuration with a
magnetic moment of 1.01 mB. The unpaired electron occupies a
dz2 orbital, which favorably points directly away from the li-
gands, at the free coordination site.

Reduced surfaces have low surface CNs and, to compensate
for this, the surfaces are strongly contracted. The surface Ni+

(d9) magnetic moments vary between 0.97 mB and 1.01 mB for

all reduced surfaces except for (11 0) at 1.25 mB, where the hy-
bridization with F@ ions is greater.

Figure 3 shows the calculated g for all surfaces as a function
of V versus the CHE. The linear relationship from the CHE for-

malism allows for easy interpretation of the data. For a given
Miller index, the oxidation state with the lowest g is the most

stable. Hence, for the Miller index, there is a crossing point at

sufficiently high V, where the third oxidation state is thermody-
namically favored. Because we study an anodic process, we are

not interested in negative potentials. Furthermore, if g be-
comes negative at some V, the model is no longer valid. This

implies that the surface is more stable than its underlying crys-
tal and suggests a scenario in which, at high V, the crystal may

start deforming to allow further oxidation at deeper layers

below the NiF2 surface.

Figure 2. Structures of the considered NiF2 surfaces as optimized with PBE + U. For each Miller index, the stoichiometric surfaces are drawn in the middle.
Dashed circles indicate where an F@ is removed in the reduction (blue) or an empty coordination site too which F@ is added in the oxidation (red). Blue and
red arrows point towards the reduced and oxidized surfaces, respectively. The Ni centers of the changed oxidation state are labeled with the same colors. For
the (111) surface, both stoichiometric terminations are shown, where one is more easily reduced whereas the other is more easily oxidized. The transferred
electrons are considered in the energy of half a H2 molecule.

Chem. Eur. J. 2020, 26, 10781 – 10786 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim10783

Chemistry—A European Journal
Full Paper
doi.org/10.1002/chem.202000881

http://www.chemeurj.org


Discussion

We now compare our experimental CV with the calculated po-

tential-dependent surface stabilities. As the stoichiometric sur-
faces of NiF2 do not involve any redox processes, the surface

energies are independent of the potential. At low V, the calcu-

lated stoichiometric surfaces dominate stability-wise (Figure 3),
which is reflected in the absence of current between 0 and

+ 3 V (vs. QRE) in Figure 1. Owing to the lower surface ener-
gies, the stoichiometric (11 0), (1 0 0), and (1 0 1) surfaces are ex-

pected to occur in this potential range.
At higher V, calculated oxidized surfaces become more

stable than stoichiometric surfaces. This point, Vox,(hkl), is specific

for each Miller index and the values are listed in Table 1. We
find that there is a clear linear relationship between Vox,(hkl) and
gs for all surfaces except (111) (Figure S4 in the Supporting In-
formation). The linear relationship intuitively means that the

less stable stoichiometric surface cuts are more easily fluorinat-
ed.

Additionally, (111) shows a Vox,(hkl) lower than the linear fit of

the four other surfaces. The stabilizing pocket for the Ni3 + cen-
ters clearly makes this surface an outlier. In fact, at around

+ 2.7 V (vs. CHE), it becomes more stable than the stoichiomet-
ric surfaces. However, the stoichiometric (111) surface is unlike-

ly to appear in the parent NiF2 film owing to its high surface
energy.

At + 3.1 V (vs. CHE), the calculated oxidized surfaces become

more stable than all stoichiometric surfaces. At this point our
model suggests that current will flow through the cell as the

first Ni2 + layer of the low-energy stoichiometric surfaces is oxi-
dized. The calculated results match our measured onset poten-

tial well. Therefore, the oxidation peak at the potential of
+ 3.57 V (vs. QRE) is assigned as the oxidation of Ni2+ to Ni3+ .

It must be noted that the assignment ignores the possible oc-
currence of a mixed valence state of the type Ni2+[Ni4 +F6][59, 60]

or Ni2 +[Ni3 +F5] .[61] Furthermore, more complicated amorphous
structures are possible for the film.

The coherence between experiment and theory suggests
that the passivation layer is NiF2, which is assumed to be sub-
sequently oxidized to a higher NiFx (x>2) species at sufficiently
high potential.[1] The mechanism of the subsequent fluorina-

tion of organic substrates may involve formal Ni3 + or Ni4 + fluo-
rides, but alternative pathways based on fluorine radicals or
adsorbed fluorine are still conceivable if the oxidized anodic
film (NiF3) loses F2 during cathodic stripping.[31]

Conclusion

We have considered the activation of Ni anodes in aHF, which
is a key step in the Simons-type ECF reaction. The anodic CV
peak at + 3.57 V (vs. QRE) is likely the oxidation of Ni2 + to

Ni3 + . Results from previous experiments have proven that NiF2

easily forms at Ni/HF interfaces. With the assumption that an

insulating NiF2 film covers the anode until approximately

+ 3 V, we have calculated the oxidation potential of NiF2. This
is done on the basis of DFT calculations and thermodynamic

arguments, through consideration of various NiF2 surface
motifs. The measured and calculated potentials agree well, and

we assign the anodic peak to the oxidation of Ni2 + to Ni3 + .

Experimental Section

Cyclic voltammetry measurements

The disc electrodes employed for the CV measurements consisted
of Ni (99.98 %, ChemPur) or Pt (99.99 %, ChemPur) wire of 1 mm in
diameter with a PFA (perfluoroalkoxy) coating. Prior to use, the
electrodes were sanded with 800-grit sandpaper to a smooth
finish, immersed in nitric acid (65 %) for 1 min, immediately
washed with purified water afterwards, and dried on air. A Bio
Logic Science Instruments Pvt. Ltd. SAS model SP-300 potentiostat
and the software EC-LabS50 were used for the CV measurements.
Hydrogen fluoride was obtained from GHC Gerling Holz & Co. Han-
dels GmbH and was used as received. For safety reasons, the re-
quired amount of hydrogen fluoride (approximately 10 mL) was
condensed in a PFA reservoir at @196 8C by using a stainless-steel
high vacuum line and consequentially pumped into the open elec-
trochemical cell with a slight overpressure of argon via a PFA tube
at @80 8C. The temperature of the electrolyte was kept at 0 8C by
using an ice/water bath during the electrochemical measurements.
To oxidize residual water in the electrolyte, the freshly polished
electrodes were pre-conditioned by cycling between 0.0 V and
6.0 V versus Pt QRE until no oxidation peak at 1.0 V versus Pt QRE
was observed (typically three cycles).

Computational details

All calculations were performed by using the spin-polarized period-
ic density functional theory (DFT), as implemented in the plane-
wave-based Vienna ab-initio simulation package (VASP) version
5.4.1.[62–64] Core electrons are described by using the projector-aug-
mented-wave method with the standard GGA pseudopotentials
provided by VASP.[65] Plane-waves of kinetic energies up to 700 eV

Figure 3. Calculated potential-dependent surface energies of NiF2. Lines with
a slope of 0 correspond to stoichiometric surfaces. Negative slopes corre-
spond to the oxidation to Ni3 + at the surface whereas positive slopes corre-
spond to the reduction to Ni+ . Here, a (+ 2.7 V) marks the crossing point
where the oxidized (111) surface becomes the most stable. At b (+ 3.1 V), all
oxidized surfaces become more stable than the stoichiometric ones. The
structures are relaxed with PBE + U and the energies calculated with HSE06.
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are included as the basis set. The first Brillouin zone of bulk NiF2

was sampled with a Monkhorst–Pack k-point grid of 8 V 8 V 8.[66] For
slab calculations, k-point grids of 8 V 8 V 1 were used where the last
number refers to the non-periodic direction. The self-consistent
field method convergence criterion was set to 0.1 meV. Gaussian
smearing was employed with a s factor of 0.1 eV. With the speci-
fied plane wave cutoff, k-point sampling and smearing factor, the
absolute energy per atom was converged within 1 meV per formu-
la unit NiF2 in the bulk unit cell.

Three different exchange-correlation functionals were used for cal-
culation of the bulk properties: the GGA implementation according
to Perdew–Burke–Ernzerhof (PBE),[67] the same functional with an
added Hubbard-type U correction term to account for localized d
electrons (PBE + U)[68] and the range-separated hybrid functional
HSE06.[69] The Hubbard U parameter for Ni, 5.3 eV, was taken from
a previous study on the electronic properties of NiO.[70] The PBE +
U functional is regarded as a more affordable alternative to hybrid
functionals, while describing the electronic structure with compara-
ble accuracy.[71]

For bulk NiF2, structure optimizations were performed simultane-
ously for the lattice parameters and internal coordinates until the
ionic forces were no larger than 0.01 eV a@1. Band gaps were calcu-
lated by using the three functionals with the HSE06 band gap serv-
ing as a benchmark value. All bulk results are presented in Sec-
tion 1 of the Supporting Information.

For the slabs, structure optimizations were performed only for in-
ternal coordinates and with the PBE + U functional. HSE06 surface
energies were calculated by using the structures optimized with
PBE + U. Cell parameters a and b were picked from the bulk struc-
ture and frozen so that they matched the underlying bulk struc-
ture. The third vector points towards [h k l] (perpendicular to the
slab). A vacuum of around 20 a was added in the non-periodic di-
rection for all slab calculations to avoid artificial interactions be-
tween slabs.

For the CHE calculations, the H2 and HF molecules were structurally
optimized, and the energies calculated with the HSE06 functional.
To avoid interaction between molecules in different cell images, a
vacuum of 20 a was added in all directions. Thermodynamic data
for extrapolation of the chemical potential to ambient conditions
was taken from the NIST and CODATA databases.[56, 57] For redox
surfaces, the surface energies were extrapolated to 298 K. The pres-
sure was taken as 1 bar for H2 and 1.973 bar (the vapor pressure at
298 K) for HF.[56] For the chemical activity of H+ , the Hammett acid-
ity function of HF was taken as H0 =@11.[72]

Bader charges were calculated by using an external program devel-
oped by Henkelman et al.[73] The magnetic moment (in units of the
Bohr magneton) of an atom was calculated from the difference in
spin-up and spin-down density within the Bader volume of the
atom.

All structures were visualized by using VESTA 3.4.4.[74] The struc-
tures used are included in the Supporting Information.
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