GDCh
=

Electrocatalytic Cyanide Reduction

Communications

W) Check for updates

Angewandte
internatianalditiony Chemie
www.angewandte.org
How to cite: Angew. Chem. Int. Ed. 2022, 61, €202214145
International Edition:  doi.org/10.1002/anie.202214145

German Edition: doi.org/10.1002/ange.202214145

Overcoming Electrostatic Interaction via Strong Complexation for
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Abstract: Limited by the electrostatic interaction, the
oxidation reaction of cations at the anode and the
reduction reaction of anions at the cathode in the
electrocatalytic system nearly cannot be achieved. This
study proposes a novel strategy to overcome electro-
static interaction via strong complexation, realizing the
electrocatalytic reduction of cyanide (CN”) at the
cathode and then converting the generated reduction
products into nitrogen (N,) at the anode. Theoretical
calculations and experimental results confirm that the
polarization of the transition metal oxide cathodes under
the electric field causes the strong chemisorption
between CN~ and cathode, inducing the preferential
enrichment of CN~ to the cathode. CN™ is hydrogenated
by atomic hydrogen at the cathode to methylamine/
ammonia, which are further oxidized into N, by free
chlorine derived from the anode. This paper provides a
new idea for realizing the unconventional and unrealiz-
able reactions in the electrocatalytic system. )

Electrocatalytic (EC) systems are widely applied in environ-
mental contaminant control and fuel conversion.) The
direct/indirect redox reactions in EC systems dominantly
occur at the solid-liquid interface between the electrode and
the solvent.” Benefitting from the electrostatic interaction,
inorganic ions can be efficiently enriched on the electrode
surface and the derivative redox reactions occur.” However,
electrostatic interaction is a double-edged sword. The anodic
oxidation of cations and cathodic reduction of anions are
severely inhibited by electrostatic repulsion.™

At present, the above difficulties in the EC systems can
be preliminarily resolved through the following three
strategies: 1) Regulating the existent form of ions;” 2) Mod-
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difying electrodes to enhance the combination with ions;®
3) Constructing novel reactors (such as H-type double
cell).n However, there are many drawbacks still existed in
these strategies. The binding ability between the targeted
electrodes and ions is not strong to get rid of the electro-
static interaction. Besides, though the electrostatic interac-
tion can be weakened by separating anode and cathode
chambers in the new reactors, the isolated redox reactions
make it hard to realize the high-selective conversion of
ions.®! Taking anions such as cyanides (CN~) for example,
under the electric field, these anions induced by electrostatic
interaction will preferentially enrich at the anode and are
oxidized to cyanates (CNO™).! Subject to the alkaline
nature of the CN~ solution, the hydrolysis of CNO™ into
ammonia (NHy/NH,*) cannot happen, thereby inhibiting the
conversion of CN~ into nitrogen (N,)."! Therefore, to
efficiently realize the selective conversion of CN™ to N,, it is
vital to design a strategy to immensely enhance the binding
ability between CN~ and the cathode, and to efficiently
overcome the electrostatic attraction from the anode.

Herein, a novel strategy is proposed to overcome
electrostatic interaction and further realize the selective
conversion of CN™ into N, in the EC system. The transition
metal oxides (TMOs) are used as the cathodes because the
polarization of the transition metal oxides cathodes under
an electric field can cause a strong complexation between
transition metals and CN™, resulting in the enhanced enrich-
ment of CN™. Then, CN™ is hydrogenated at the cathode,
and the electrocatalytic reduction products are further
oxidized into N, by the free chlorine, which is derived from
the activation of NaCl electrolyte by the dimensionally
stable anode (DSA, Ti/RuO,-IrO,). The mechanisms of
enrichment and selective conversion are well elaborately
investigated through experiments and theoretical calcula-
tions. Finally, the potential application of the EC system is
investigated by treating the practical cyanide-containing
wastewater. This paper provides a new idea for the cathodic
reduction of anions or anodic oxidation of cations in the EC
system and develops a new synergetic conversion mecha-
nism for the highly efficient and selective conversion of CN™~
into N, for the first time.

Three transition metal oxides (NiO, Fe,O; and Co;0,)
are selected as the cathodes, and the adsorption energy
(E.g) between the cathodes and CN~ with or without the
input of voltage is analyzed by theoretical calculations. As
shown in Figures la, S2, and S3, with the voltage input
(-1.1V vs RHE), the binding ability of CN~ with three
transition metal oxide cathodes is significantly promoted,
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Figure 1. a) Adsorption energy between Co;0,, Fe,O; and NiO cathodes
and CN™ with voltage input; b) Density of states spectrum of CN™ and
Co;0, with or without voltage input; c) Concentration change of CN™
between the anode and Co;0, cathode districts with or without voltage
input; and d) XPS spectra of C1s and N1s of Co;0, cathode with or
without voltage input.

and E, 4 between the TMOs cathodes and CN~ will linearly
increase with the increase of the complex stability constant
between the metals and CN™. The binding ability between
Co;0, cathode and CN™~ (—3.98 eV) is stronger than that of
Fe,O; (—3.35¢V, logKk=43.6) and NiO (—2.81 ¢V, logK=
30.2) cathodes due to the higher complex stability constant
between Co and CN~ (logK=64.0). The density of states
(DOS) spectrum demonstrates that the overlap areas
between C 2p and Co 3d are increased after the voltage
input (Figure 1b), indicating that the interaction between
CN™ and Co;0, cathode is enhanced and the charge
migration between Co;O, and CN™ occurs. As a result, the
binding of CN~ and Co;0, cathode is converted from the
original physisorption to chemisorption, forming metal-
cyanide bonds.

As shown in Figures 1c and S4, all cathodes show no
obvious adsorption performance for CN. In absence of
voltage, CN™ is distributed uniformly in the EC system and
there is no concentration gradient between the cathode and
anode districts. However, with the input of voltage (—1.1 V
vs RHE), the concentration of CN™ in the anode district
decreases significantly from 1.35mM to 0.11 mM within
15 min, while the concentration of CN~ in the Co;0,
cathode district invariably remains at a high level (around
1.30 mM). A huge concentration gradient between the
anode and Co;0, cathode districts is observed, which is
more significant than that of Fe,O; and NiO cathodes
(Figures S5 and S6). Due to the strong interaction between
the TMOs cathodes and CN~, the dynamic mass transfer of
CN™ from the anode district to the cathode district and from
the solution to the cathode interface occurs, resulting in the
CN™ concentration in the cathode district much higher than
that in the anode district. This phenomenon is different
from that with the traditional active carbon fiber (ACF) and
fluorine-doped tin oxide (FTO) as the cathodes (Figures S7
and S8). In addition, there are characteristic peaks of C=N
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bonds in Cls and N1s of XPS spectra of Co;0, cathode after
the input of voltage, and some peaks (such as N-H, C—C) of
intermediates are observed (Figures 1d).""! These results
confirm that the mass transfer of CN~ to the Co;0, cathode
is realized with the input of voltage because the interaction
between CN™ and the cathode can conquer the electrostatic
attraction from the DSA anode.

Five kinds of cathodes are used in the EC system to
investigate the effects of different enrichment directions on
the selective conversion of CN™ into N,. As demonstrated in
Figure 2a and Table S1, when ACF and FTO are used as the
cathodes, the conversion of CN™ into N, is merely 7.6 % and
2.1 %, respectively. Since there is no special interaction
between CN~ and ACF/FTO cathode,? CN~ is enriched at
the anode induced by the electrostatic attraction, resulting
in that CN™ merely oxidized into CNO~ and can not be
efficiently converted into N,. As a comparison, when the
transition metal oxides are used as the cathodes, the
selective conversion of CN™ into N, is markedly promoted
and increases with the increase of the binding capacity
between CN~ and cathodes (Figure S9). Nearly 100 % of
CN™ can be converted into N, when Co;0, is used as the
cathode, much superior to the cathodes of Fe,O; (78.4 %)
and NiO (43.1 %). The efficient enrichment of CN™ at the
cathode can significantly promote the selective conversion
of CN™ into N,.

Besides, the concentration variation of products in the
EC system with different electrolytes is further monitored to
explore the synergistic effect between the DSA anode and
the Co;0, cathode. As shown in Figures 2b, S10, and S11,
when Na,SO, is used as the electrolyte, about 57 % of CN~
is converted and the dominant products of CN™ in the EC
system are NH; and CH;NH,. The concentrations of NH;
and CH;NH, increase to 0.62 mM and 0.13 mM within 6 h,
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Figure 2. a) Distribution of nitrogen species with different cathodes and
NaCl electrolyte after 6 h reaction; b) Concentration variation of
intermediates with Co;0, cathode and Na,SO, electrolyte; and

c) Concentration variation of intermediates with Co;0, cathode and
NaCl electrolyte.
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respectively. Under the circumstances, no oxidizing active
species are existing in the EC system, and the formation of
NH; and CH;NH, does not derive from the hydrolysis of
CNO™ and the reduction of N, (Figures S12 and S13). As a
result, CN™ is merely reduced at the Co;0, cathode and the
formed reduction products can not be further oxidized. For
comparison, when NaCl is used as the electrolyte, nearly
100 % of CN~ is converted and only CH;NH, is detected
during the conversion process. The concentration of
CH;NH, reaches a maximum of 024mM at 3h and
gradually decreases to 0 mM (Figures 2c and S14). Because
CI” can be activated into active chlorine species at the DSA
anode, the generated reduction products (NH; and
CH;NH,) can be further oxidized into N, by active chlorine
species.™™ The efficient oxidation of the reduction products
in the solution enables the reduction products on the
cathode interface to rapidly diffuse into the solution, thereby
exposing more active sites and further promoting the rapid
conversion of CN™. Based on the above results, it is found
that the synergy of the cathode and anode can effectively
realize the selective conversion of CN™ into N, when NaCl is
used as the electrolyte.

The cyclic voltammetry (CV) curve illustrates that there
is a distinct peak in the range of —1.0 to —2.0V in the
absence of CN~, which is attributed to the formation of
H,.'Y However, the peak disappears in presence of CN~
(Figure 3a), resulting from that CN~ can effectively react
with atomic hydrogen (H*) at the Co;0, cathode to prevent
the self-quenching of H*, thereby inhibiting the formation
of H,.™ Besides, the conversion performance of CN™ in the
EC system is restrained after the addition of tert-butanol (a
scavenger for H*), and there are characteristic peaks of H*-
addition products in the electron spin resonance (ESR)
spectra (Figures 3b and 3c),!'® further indicating that H*
plays a vital role in the conversion of CN™.

The reduction mechanism of CN™ at the Co;0, cathode
is further analyzed by theoretical calculation. As demon-
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Figure 3. a) Cyclic voltammetry curve of EC system with or without
CN~; b) Conversion of CN™ with the addition of tert-butanol; c¢) ESR
spectra of H* in the EC system; d) Energy barrier of rate-limiting step
of CN~ reduction at Co atoms in octahedron or tetrahedron; and

e) Optimal reaction path of CN™ at the Co;0, cathode (reactive site at
Co in octahedron).
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strated in Figures S15 and S16, the adsorption of CN™ on the
Co;0, cathode is the rate-limiting step during the whole
reduction process. Because the energy barrier for CN™
adsorption at Co atoms in octahedrons (0.69 eV) is much
lower than that in tetrahedrons (1.13 eV) (Figure 3d), Co
atoms in octahedrons are the main active sites for CN~
reduction. Besides, H* is the dominating reduction species
and it is derived from the decomposition of H,O at O atoms
in Co;0, because the energy barrier for H,O activation into
H* at O atoms is much lower than that at Co atoms
(Figure S17). The reduction mechanism of CN™ at the Co;0,
cathode is shown in Equations (1)—(10). Since the CH,NH,*
intermediates are more prone to the cleavage of C—N bonds
(Figure 3e), CN™ is mainly reduced to NH; and CH, at the
Co;0, cathode, which is consistent with the results in
Figure 2c. The generated CH, is detected by gas chromatog-
raphy (Figure S18 and Table S2). In conclusion, when the
Co;0, is used as the cathode, CN~ can be efficiently
hydrogenated by H* to form NH;/CH, (major) and CH;NH,
(minor) in the EC system.

CN~ — CN*¥ 1)
H,0+e — H*4+ OH" (2)
CN* + H* — CHN* 3)
CHN* + H* — CHNH* 4)
CHNH"* + H* — CH,NH* 3)
CH,NH* + H* — CH,NH,* (6)
CH,NH,* + H* — CH;NH, 7
CH,NH,* + H* — CH;* + NH,* (8)
CH,* + H* — CH, C)
NH,* + H* — NH; (10)

The as-formed NH; and CH;NH, can be further oxidized
into N, by the oxidizing species (such as free chlorine, CI*,
Cl0O*, Cl,*7, and CIO") in the EC system, which are derived
from the activation of Cl~ by the DSA anode.!”! Therefore,
the oxidative species during the CN™ conversion process are
explored by using NH;/CH;NH, as the model reactants and
CBZ as the scavenger for HO®, CI°, ClO®, and Cl,*~ (kHO?®,
CBZ=8.8x10°M's™", kCI*, CBZ=3.3x10""M"'s™", kCIO®,
CBZ=197x10*M"'s™", and kClL,, CBZ=4.3x
10'M's™).1 As shown in Figures S19 and S20, the
conversion of NH; and CH;NH, is not inhibited in presence
of CBZ, indicating that HO®, CI°, ClO®, and Cl,* are not
dedicated to the oxidation of NH; and CH;NH,. The only
oxidative species should be free chlorine (ClIO~, pKa(HCIO/
ClO7)=7.54), which can efficiently and selectively oxidize
NH; and CH;NH, into N, [Egs. (11)-(14)].

Based on the above results, the conversion path of CN™~
in the EC system can be summarized. Benefitting from the
strong binding ability between CN~ and Co;0O, cathode,
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CN' is preferentially enriched at the cathode and is hydro-
genated by H* to generate NH; and CH;NH,. Subsequently,
NH; and CH;NH, are further oxidized to N, by free chlorine
derived from the DSA anode. The overcoming of electro-
static attraction and the synergy of the cathode and anode
can effectively realize the selective conversion of CN™ into
N,.

2CI —2e — Cl, (11)
Cl, +20H" — ClO™ + CI" + H,0 (12)
2CH,NH, +9CIO~ — N, 1 +2CO, 1 +5H,0 +9CI" (13)

2NH, +3CI0~ — N, | +3H,0 + 3CI- (14)

Five cycle experiments are carried out to investigate the
stability of the EC system. As shown in Figure 4a, a
negligible inhibition of the conversion of CN~ into N, is
observed after five cycles. Besides, the morphology and
structure of the Co;0, cathode after five cycles are
consistent with that before the reaction, and the leaching
concentration of cobalt ions after each cycle is negligible
(Figures 4b, 4c, S21, and S22). These results confirm that the
EC system has excellent stability. In addition, 16.07 mM of
CN~ in the practical cyanide-containing wastewater can be
efficiently converted within 18 h and 82.8 % of total nitrogen
(TN) is removed within 22 h in the EC system (Figure 4d).
Because the residual TN concentration is close to the
concentration difference between the initial TN and CN~
(Table S3), about 100% of CN~ in the practical cyanide-
containing wastewater is selectively converted into N,, which
is much superior to the conversion of CN~ with ACF
cathode (Figure 4e). The EC system constructed in this
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Figure 4. a) Conversion of CN™ into N, with 5 cycles; b) SEM images of
Co;0, before and after 5 cycles; c) XRD spectrum of Co;0, before and
after 5 cycles; d) Treatment of practical cyanide-containing wastewater
with Co;0, cathode; and e) Treatment of practical cyanide-containing
wastewater with ACF cathode.
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study has outstanding feasibility for the treatment of
practical cyanide-containing wastewater.

Subject to the electrostatic interaction and the derived
semi-reactions, CN~ cannot be selectively converted into N,
in traditional EC systems. In this study, a novel strategy is
proposed to overcome the electrostatic interaction in the EC
system, regulating the direction of enrichment and utilizing
the synergy of anode and cathode for the selective
conversion of CN™ into N,. Noteworthily, under the electric
field, a strong chemisorption interaction can be generated
between the TMOs cathode and CN~, which can overcome
the electrostatic attraction of the anode, leading to the
preferential enrichment of CN~ to the cathode. CN™ is
preferentially hydrogenated to NH; and CH;NH, by H¥,
and the as-formed NH; and CH;NH, are further converted
into N, by free chlorine derived from the DSA anode.
Finally, the EC system exhibits excellent applicability for
the treatment of practical cyanide-containing wastewater.
This paper provides a new idea for the realization of the
cathodic reduction of anions or anodic oxidation of cations
and opens a new avenue to realize the highly efficient and
selective conversion of CN™ into N,.
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