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Ammonia synthesis is crucial for fertiliser production, future hydrogen storage, and hydrogen carrier

production. Herein, we present a novel ammonia synthesis system using an iron phosphide catalyst with

a DC electric field. Under mild reaction conditions (i.e., 400–430 K and 0.1 MPa of H2), the air-stable

iron phosphide catalyst exhibits superior performance to the conventional, unstable iron catalysts.

Furthermore, this catalyst system enables precise control over ammonia production through on/off-

switching of the DC electric field, demonstrating its potential for more dynamic and responsive synthesis

processes. The structure–activity relationship of this catalytic system was also explored using various

techniques such as TEM observation, XAFS analysis, and theoretical calculations. These findings open up

promising avenues for the future development of next-generation on-site and low-temperature

ammonia synthesis technologies that can be operated on demand.
1 Introduction

The production of ammonia (NH3), a chemical feedstock highly
in demand for fertilisers and basic chemicals, is increasing
annually with the growing world population.1 Recently, the
concept of hydrogen (H2) energy has been proposed, for which
renewable energy is converted into chemical energy to produce
hydrogen for storage and distribution.2,3 In line with this
concept, ammonia has also attracted attention as a hydrogen
carrier by virtue of its carbon-free nature, high hydrogen density
(17.8 wt%) and liquefaction.4 The Haber–Bosch process, estab-
lished almost 110 years ago, remains the main industrial
process for ammonia production. The process is operated
under high-temperature and high-H2-pressure conditions (i.e.,
673–773 K and 10–20 MPa H2), even though low temperature is
equally favourable because it is an exothermic reaction.5,6

However, to produce ammonia as a hydrogen carrier using
H2 generated from renewable energy sources, ammonia
synthesis using a small-scale and distributed (on-site) method
that can be operated at a high rate even under mild conditions
niversity, 3-4-1, Okubo, Shinjuku, Tokyo,

p

ience, Graduate School of Engineering

ma, Toyonaka, Osaka 560-8531, Japan.

tion (ESI) available. See DOI:

f Chemistry 2024
(low temperature and lower pressure) is highly desirable. It
would accommodate spatial and temporal variabilities.7

Great efforts have been devoted towards catalyst develop-
ment for low-temperature and low-pressure ammonia
synthesis. Most of the reported low-temperature ammonia
synthesis procedures to date have used precious metals such as
Ru as the active metal, leaving room for improvement in terms
of production cost.8–12 By contrast, Fe might be an ideal metal
for use in the Haber–Bosch process as the active metal because
it is earth-abundant and available at a low price.13–15 However,
Fe catalysts exhibit low activity for ammonia synthesis at low
temperatures. Moreover, they are difficult to handle because of
their easy oxidation, leading to rapid deactivation.

Recently, we have discovered that electric eld-assisted
catalysis is promising for low-temperature ammonia
synthesis.11 When a semi-conductor catalyst support is used for
electric eld-assisted catalysis by applying a weak direct current
(DC), proton conduction on the catalyst support promotes
surface reactions even at low temperatures. Ammonia synthesis
proceeds on supported Fe catalysts even at 464 K when an
electric eld is applied, but this catalyst requires
prereduction.16,17

For this study, we developed an on-demand-driven ammonia
synthesis process with a high reaction rate at ambient pressure
and low temperature (400–430 K). This synthesis was accom-
plished by the synergistic integration of an electric eld and an
air-stable iron phosphide (FeP) catalyst, thereby eliminating the
need for prereduction.18 It is noteworthy that the FeP catalyst
exhibits no activity, even at high temperatures, in the absence of
Sustainable Energy Fuels, 2024, 8, 2087–2093 | 2087
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an applied electric eld, which enables precise control over
ammonia production through on-/off-switching of the DC
electric eld. This dynamic and responsive ammonia synthesis
system was not achieved with conventional gas–solid catalysis,
which highlights this method's potential as a promising
method for on-site and intelligent ammonia synthesis.
2 Results and discussion
2.1. Structure of unsupported FeP and supported FeP

First, iron phosphide was synthesized by a solvothermal
method (Experimental section of ESI†). The iron phosphide
structure was characterized (Fig. 1, Tables S1 and S2 in ESI†).
ICP-AES (Inductively Coupled Plasma Atomic Emission Spec-
trometry) and XRF (X-ray Fluorescence) analysis (X-ray were
used to determine the elemental ratios of Fe and P, respectively.
The results showed that Fe/P was close to 1 in both cases, and
the obtained structure was considered to be FeP. The X-ray
diffraction (XRD) pattern in Fig. 1(a) shows that the synthe-
sized iron phosphide consists of orthorhombic FeP (ICDD 03-
065-2595, Table S3 in ESI†), as reported in other studies of Fe
phosphide synthesis at 593 K.18–20 Nano-ordered structural
images of FeP observed using transmission electronmicroscopy
(TEM) and are presented in Fig. 1(b) and (c). The obtained FeP
compounds comprise hexagonal prismatic nano-ordered rods
(NRs) with 9.4 nm width and 33.2 nm length. To observe FeP NR
surface details, a high-resolution TEM image and an electron
diffraction (SAED) pattern were obtained, respectively, in
a selected area, as presented in Fig. 1(d) and (e). These results
indicate the basal plane as a (31−1) plane, whereas the (011)
and (103) planes are perpendicular. Based on the above-
mentioned characterization results, the synthesized Fe phos-
phide evidently possesses a nano-ordered rod-like structure
with well-dened FeP composition. The structural information
is depicted in Fig. 1(f).

Catalyst supports can disperse and immobilize nano-
structured metals. In fact, interaction between the support and
the active metal can enhance catalytic activity. A perovskite-type
Fig. 1 Characterization of Fe phosphide: (a) XRD measurement, (b)
TEM image (side view), (c) TEM image (bottom view), (d) high-reso-
lution TEM image, (e) electron diffraction image for selected area, and
(f) illustrated structure of Fe phosphide.

2088 | Sustainable Energy Fuels, 2024, 8, 2087–2093
oxide, Sr0.875Ba0.125ZrO3 (SBZO), was chosen as the support for
FeP NRs because SBZO exhibits surface proton conduction
property, which is benecial for molecular transformation with
an electric eld.21 The FeP NRs were loaded on SBZO (FeP/SBZO)
using the equilibrium adsorption method. Their structures
were also investigated. Regarding the XRD patterns of FeP/SBZO
(Fig. 2(a)), all peaks were attributed to SrZrO3 (ICDD 01-074-
2231, Table S4 in ESI†). No peak of FeP or any other Fe
compound was observed, indicating that FeP NRs are highly
dispersed. Subsequent TEM and scanning transmission elec-
tron microscope-energy-dispersive X-ray (STEM-EDX) spectros-
copy observations conrmed the high dispersion of FeP NRs,
which maintained the NR shape with a uniform distribution of
Fe and P (Fig. 2(b), S1 in ESI†).

2.2. Electronic state of FeP and FeP/SBZO

The oxidation state of Fe is known to affect ammonia synthesis
activity strongly, with metallic Fe acting as the active site for
ammonia synthesis, whereas oxidised Fe exhibited a consider-
ably lower activity.16,22 To evaluate the oxidation state of the
prepared catalysts, Fe K-edge XAFS (X-ray absorption ne
structure) spectra of Fe foil, FeO, FeP, and FeP/SBZO were
recorded. The FeP and FeP/SBZO samples were prepared aer
exposure to air. The X-ray absorption near-edge structure
(XANES) results are depicted in Fig. 3(a). The absorption edge
energy of FeP (red line) is close to that of the Fe foil (black line).
The white line observed in FeO (green line) was not observed in
FeP, indicating that the electronic state of Fe species in FeP aer
exposure to the air atmosphere is closer to metallic Fe and
different from Fe oxides. Additionally, the absorption edge
energy and spectral shape of FeP/SBZO (Fig. 3(a), blue) were
similar to those of FeP, suggesting that the electronic state of
the Fe species in FeP was not altered by loading on SBZO.

To gain insights into the atomic bonding structure of Fe
species in FeP and FeP/SBZO, Fourier transform-extended X-ray
absorption ne structure (FT-EXAFS) analysis was applied. The
FT-EXAFS spectra of Fe foil, FeO, FeP and FeP/SBZO at the Fe-K
absorption edge are depicted in Fig. 3(b) and Table S5 in ESI.†
These spectra suggest that neither unsupported nor supported
FeP is oxidised by exposure to air because no peak can be
attributed to Fe–O bonds. These ndings are consistent with the
Fig. 2 FeP/SBZO for (a) XRD patterns and (b) TEM image (the area
marked by the dotted square shows the supported rod).

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Fe K-edge XANES spectra of the Fe foil, FeO, FeP, and FeP/
SBZO, and (b) Fourier transformation of the k3-weighted EXAFS of the
Fe foil, FeO, FeP, and FeP/SBZO.
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results obtained from XANES analysis. In addition, FeP and FeP/
SBZO had elongated Fe–Fe bonds and a different structure from
that of Fe metal. Furthermore, the coordination numbers of Fe–
P and Fe–Fe bonds in FeP and FeP/SBZO indicate that the
stoichiometric ratio of iron to phosphorus is 1 (Table S5 in
ESI†), which is also consistent with the XRD pattern results.
These XAFS results indicate that the Fe species in FeP NRs have
metallic state and that Fe–P bonds have high stability in air, and
these properties are maintained when FeP NRs are supported
on SBZOs.

To accumulate additional information related to the elec-
tronic state near the surface of FeP, X-ray photoelectron spec-
troscopy (XPS) of FeP aer exposure to air was performed
(Fig. 4). From Fig. 4, three peaks at 707.3 eV, 709.1 eV, and
710.5 eV in Fe 2p3/2 were observed and were assigned respec-
tively to Fe(0), Fe(II), and Fe(III).23 The existence of the major
peak attributed to Fe(0) indicates that Fe on the FeP surface is in
a metallic state, which is consistent with the XAFS results. The
latter two peaks could be attributed to the surface oxidation of
FeP or to Fe oxide formation. The XPS result of FeP/SBZO
(Fig. S2 in ESI†) is similar to those of FeP. The signal-to-noise
(S/N) ratio is very low because of the low loading of FeP/SBZO
(5 wt%: Fe atoms).

Moreover, XPS analysis of P 2p and P 2s in FeP and FeP/SBZO
was performed (Fig. S3(a) in ESI†). The XPS spectrum for FeP
reveals three peaks attributed to P 2p3/2 (129.7 eV), P 2p1/2 (130.5
eV), PO3

− (132.6 eV), and PO4
3− (134.0 eV).24,25 Some phosphate

species might be attributed to surface oxidation of FeP and
Fig. 4 Fe 2p X-ray photoelectron spectra of FeP.

This journal is © The Royal Society of Chemistry 2024
impurities during synthesis.26,27 However, the P 2p and P 2s
peaks of FeP/SBZO respectively overlap with the peak of
a component of the support, Sr and Zr. Therefore, they could
not be assigned (Fig. S3(b) and (c) in ESI†).28–30

Theoretical calculations were carried out to elucidate the
oxygen affinity of FeP NRs. The hexagonal surface of FeP was
used as the FeP surface model because the active metal near the
catalyst support is the main active site on the ammonia
synthesis in the electric eld. It has been considered that the
NH3 synthesis reaction in an electric eld is promoted by the
collision of migrated proton and adsorbed nitrogen, and the
proton migration on the catalyst surface is caused by applying
an electric eld.23 Therefore, in this work, the active site is set at
the interface between the active metal and the catalyst support.

Hexagonal faces are present at all interfaces facing the SBZO
support. Based on the FeP NR characterisation results (Fig. 1(f)),
the FeP(31−1) model was used (Fig. S4 in ESI†), whereas the
Fe(110) model, which represents the most stable surface of bcc
Fe (Fig. S5†), was used as a reference for the Fe surface. In the
FeP nanorods, the (011) and (103) facets were also exposed in
the TEM images, hence two models were designed and calcu-
lated for these two surfaces, as shown in Fig. S6.† In these cases,
the interfacial surfaces other than the (31−1) surface in FeP
have obtuse contact angles (120°), which can be a steric
hindrance for molecular adsorption.

First, the adsorption energy of oxygen atoms and di-oxygen
on the slab models was calculated. The results are presented
in Fig. 5. In this gure, “split” denotes dissociative adsorption.
Oxygen atoms and dissociated oxygen molecules adsorb pref-
erentially on Fe over FeP. The adsorption energy of dissociated
oxygen molecules is twice as high as that of monoatomic
oxygen. We also conrmed the lack of spontaneous dissociation
of di-oxygen on FeP. The reaction pathway of dissociation of di-
oxygen was calculated using the climbing image nudged elastic
band (CI-NEB) method (Fig. S7–S9 in ESI†). Although two acti-
vation barriers and a stable intermediate state appear in the
Fig. 5 Adsorption energies of oxygen on Fe and FeP.

Sustainable Energy Fuels, 2024, 8, 2087–2093 | 2089
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energy diagram, because of the activation barrier between the
intermediate and nal states, spontaneously dissociative
adsorption of O2 does not occur, indicating the high antioxidant
ability of FeP.

The analysis described above indicates that the electronic
state of Fe in the FeP/SBZO catalyst remains largely metallic
even with existing oxygen (i.e., high air-stable nature), which is
considerably different from the ndings obtained for conven-
tional Fe-based supported catalysts.
Fig. 6 Cyclic results obtained for thermal catalysis and catalytic
reactions in an electric field (denoted as EF).
2.3. Evaluation of FeP/SBZO catalytic performance

Conventional Fe-based catalysts are susceptible to oxidation
and deactivation in the presence of trace amounts of oxygen in
the reaction system. They oen require pre-reduction treatment
at high temperatures to form metallic Fe species. In contrast,
the results of the characterization of FeP revealed that the
supported FeP maintains its metallic properties even when
exposed to air. This nding suggests the use of supported FeP as
a highly durable catalyst without the need for pre-reduction
treatment. Therefore, we explored the catalytic activity of FeP/
SBZO for ammonia synthesis when applying an electric eld.
Table 1 shows the results of catalytic activity evaluation under
mild reaction conditions (i.e., 400–430 K, 0.1 MPa) with 6 mA
current. It is noteworthy that the FeP/SBZO catalyst exhibited
the highest ammonia production rate of 0.965 mmol g−1 h−1,
surpassing the production rates for the reported iron cata-
lysts.17,31 The results in Table 1 show that the voltage has less
effects on the activity in this case. The catalysts loaded with the
same amount of Fe, but not FeP, showed only a much lower
activity than that of FeP in both cases, with and without
reduction (shown in Table S6 in ESI†). This means that FeP is
not only effective in maintaining the reduced state of Fe, but it
is also necessary to consider the effect of electronic interactions
between Fe and P. These will be discussed in more detail in
a later section. It is intriguing that the FeP/SBZO catalyst
exhibited no activity in the absence of an electric eld. This
pronounced electric eld effect on the catalytic activity is
unprecedented, strongly suggesting that a different reaction
pathway than that for thermal catalysis exists on the catalyst
surface.

The strong effect of the electric eld on ammonia synthesis
when using the FeP/SBZO catalyst inspired us to explore its
responsive nature. This responsiveness enables precise control
over ammonia production through on/off-switching of the DC
electric eld. We investigated the feasibility of on-demand
Table 1 Evaluation of FeP/SBZO and other base metal catalysts in amm
pressure, 6 mA imposed current

Catalyst Voltage/kV

5 wt% FeP/SBZO (no pre-reduction) 0.42
7 wt% Fe/CeO2 (pre-reduced) 0.37
7 wt% Co/CeO2 (pre-reduced) 0.39
7 wt% Ni/CeO2 (pre-reduced) 0.41
5.0 wt% Co/Ce0.5Zr0.5O2 (pre-reduced) 0.47
5 wt% Fe/Ce0.4Al0.1Zr0.5O2-d (pre-reduced) 0.41

2090 | Sustainable Energy Fuels, 2024, 8, 2087–2093
ammonia synthesis by toggling the electric eld. The results
of the cycle test, for which the heating test and the electric eld
application test were repeated, are depicted in Fig. 6. The
catalytic activity by heating was zero at 673 K. Therefore, the
temperature dependence of the FeP/SBZO catalyst was
measured, and it became clear that the activity decreased at
higher temperatures, which is different from the conventional
Arrhenius plot (Fig. S10 in ESI†). The ammonia production rate
of the FeP/SBZO catalyst was almost unchanged when only the
current value was changed at the same temperature (Fig. S11 in
ESI†). A more detailed study of the cause of this is required in
the future. The ammonia synthesis activity appeared only when
an electric eld was applied, demonstrating that on-demand
ammonia synthesis at low temperatures is possible by turning
the electric eld on and off. Furthermore, no signicant
decrease in activity occurred (Fig. S12 in ESI†). The FeP struc-
ture was stable during cycling (TEM images are presented in
Fig. S13 in ESI,† etc.).

2.4. Investigation of the structure–activity relationship of
FeP

In general, one of two mechanisms can be used for ammonia
synthesis on catalyst surfaces: a dissociation mechanism, by
which the N–N bond of N2 is cleaved directly, or an association
mechanism, by which the N–N bond is cleaved aer N2H is
formed.31 According to earlier studies,31 reactions without an
electric eld (i.e., thermal reactions) occur through the
onia synthesis in an electric field: 400–430 K temperature, 0.1 MPa

NH3 synthesis rate/mmol g−1 h−1 Reference

0.965 This work
0.152 23
0.0571 23
0.125 23
0.294 31
0.835 17

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Intermediate states of N2 dissociation calculated using the NEB
method. Energy diagram of N2 dissociation calculated using the NEB
method: (a) Fe(110) and (b) FeP(31−1), where purple, brown, and green
balls respectively represent P, Fe, and N. Because the second coor-
dination (the first intermediate state) is the most unstable on both
surface models, its energies were adopted as the energies of transition
states.
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dissociative mechanism with N2 dissociative adsorption as the
rate-determining step, whereas reactions with the electric eld
occur though the associative mechanism with N2H formation as
the rate-determining step. To elucidate the catalytic behaviour
of the FeP catalyst at the rate-determining step, the adsorption
energies of the main adsorbed species on the FeP surface model
in comparison with the Fe(110) surface model were investi-
gated. Fig. 7 presents the trends of N2 and N2H molecular
adsorption as well as those of H2 and N2 dissociative adsorp-
tion. The results show that FeP is unfavourable for dissociative
adsorption of N2 but favourable for dissociative adsorption of
H2 and molecular adsorption of N2H. Bader charge analysis and
density functional theory calculations have reported electron
transfer from Fe to P on the FeP surface,32–34 which is regarded
as a ligand effect, and which has been conrmed using XPS
(Fig. 4). This ligand effect makes Fe electron-poor. As a result,
the direct dissociation of N2 on FeP is suppressed because of the
weak electron donation from the electron-poor Fe atom to the
LUMO of the N2 molecule, p*

2px and p*
2py. Furthermore, because

N2H is adsorbed preferentially onto positively charged metals,35

FeP was found to adsorb N2H more strongly than Fe did. The
electronic state of Fe at the FeP-support interface is more
positive than in other regions, which indicates that the activity
of interfacial Fe is inuenced more strongly by charge transfer
from the catalyst support.

The states of the various stages governing the reaction rates
of ammonia synthesis on Fe-catalysts and FeP catalysts,
respectively, with and without an electric eld, were then
investigated. The energies and structures of the transition
states were calculated for the Fe(110) and FeP(31−1) facets.
Information related to the reaction progression in heating-
and electric eld-applied catalysis was organised. Fig. 8 shows
the intermediate states on the respective metal surfaces in
heating-applied catalysis. Similar calculations for the FeP(011)
and FeP(103) surfaces as well as the FeP(31−1) surface are
shown in Fig. S14–16 in ESI.† From these ndings, it is
apparent that P dilutes the Fe–Fe bonds and extends the Fe–Fe
Fig. 7 Molecular and atomic adsorption energies related to NH3

synthesis for different metal species.

This journal is © The Royal Society of Chemistry 2024
distance (the so-called ensemble effect). This extension
prevents each N atom in N2 from getting sufficiently close to
the Fe atom on the FeP surface in the dissociation of N2, which
requires an Fe–Fe site. Transition states were also calculated
using the CI-NEB method.

Comparison of these gures indicates that FeP(31−1) in
Fig. 8(b) shows an extreme higher energy barrier than Fe(110) in
Fig. 8(a). These results indicate that the phosphidation of Fe
remarkably inhibits the dissociative mechanism in the thermal-
applied catalysis in terms of both electronic state (i.e., the
ligand effect) and structure (i.e., the ensemble effect). Further-
more, stronger adsorption of N2H on FeP(31−1) implies that the
phosphidation of Fe facilitates the associative mechanism. Based
on these results, the energy diagram of the reaction is summar-
ised in Fig. 9 and the rate-determining energy differences on each
surface are summarized in Table S7 in ESI.† Fig. 9(a) and (b)
respectively present the energy diagrams involving the dissocia-
tive mechanism without electric eld and the associative mech-
anism through the surface protonics in an external electric eld.
Fig. 9 Energy diagram of N2 dissociation (a) and N2H formation (b) on
Fe(110) and FeP(31−1). Activation energy for N2 dissociation in the
absence of an electric field corresponds to the energy difference
between the second state and the third state in (a). N2H production
energy in an electric field corresponds to the energy difference
between the second state and the fourth state in (b).

Sustainable Energy Fuels, 2024, 8, 2087–2093 | 2091
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In the associative mechanism, the relative energy of N2H
adsorption is calculated from the energies of N2 and each metal
surface. The ammonia synthesis activity here is correlated with
the N2H production energy, which is the N2H adsorption energy
minus the N2 end-on adsorption energy.23,33 Subsequent cleavage
of the N–N bond in N2H does not exhibit the volcano-shaped
relation between the ammonia synthesis activity in an electric
eld and the dissociation energy of the N–N bond.23 Fe(110)
exhibited a lower N2 activation energy than FeP(31−1) from
comparison of the energy difference between the second state and
the third state in Fig. 9(b), which seems to contradict with the
trend of the N2H production energy. This contradiction arises
from the difference in the activation pathway for chemisorbed N2.
There are surface N2 and H as reactants when an electric eld is
absent; however, N2 activation is not caused by N2H-mediated N2

cleavage but by the direct dissociation of N2. This fact suggests
that non-thermal equilibrium states of catalysts originate from an
electric eld and/or direct current may induce the characteristic
N2 activation through the N2H intermediate formation. As the
simulation method reported in this study cannot be applied to
non-equilibrium states, the true transition state in an electric eld
is probably different from the third state in Fig. 9(b). Note that the
N2H formation on the Fe(110) surface showed a lower activation
energy than N2 direct cleavage; however, the reaction pathway of
the N2H formation assumed H collision with no thermal barrier.
Thus, this result is consistent with the preference for N2 direct
dissociation in heat-applied catalysis, where there is a nite
barrier for H migration. The energy diagram therefore suggests
that FeP favours N2H-mediated N2 cleavage and not direct N2

cleavage. These simulations support that catalysis by conventional
heating leads to low (almost zero) ammonia synthesis activity
because of two effects: ligand effects and ensemble effects. By
contrast, iron phosphide exhibits high ammonia synthesis activity
via the associative mechanism in an external electric eld.

3 Conclusions

FeP exhibits high activity in ammonia synthesis in the presence
of an electric eld under ambient pressure and low-temperature
conditions. By virtue of its air-stable property, FeP showed high
ammonia synthesis activity without pre-reduction in an electric
eld. FeP does not have an Fe–Fe ensemble, hence direct N2

cleavage, which is dominant in common heated iron catalysts,
is unlikely to occur. This was shown both from the present
experiments and from computational chemistry: on FeP/SBZO,
charge transfer from Fe to P and SBZO occurs, reducing electron
donation from Fe atoms to the antibonding orbital of N2

molecules, LUMO. FeP/SBZO strongly inhibits N2 direct
cleavage in the absence of an electric eld and promotes the
associated activation of N2 with surface proton migration in an
electric eld. This property reects that the activity can be
switched on and off easily with and without an electric eld.
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