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gas sensors,[9,10] battery electrolytes,[11–13] 
for catalysis[14,15] etc. A further advantage 
is that many solid ionic conductors can 
easily be patterned or shaped in device 
fabrication processes to match certain 
requirements.[5,13,16] Among all solid ionic 
conductors, silver halide based ionic con-
ductors are arguably the most intensely 
researched compounds.[17,18] Among these, 
α-AgI is of particular interest because it 
shows superionic ionic conductivity as 
high as 1  S  cm−1

.
[19–21] However, α-AgI 

only forms above 147  °C.[22,23] The room 
temperature phases of this material are 
β-AgI and polycrystalline AgI. Both have 
a low ionic conductivity on the order of 
10−6  S  cm−1,[24,25] which also does not 
change significantly with temperature. As 
a result, there is a clear need for low cost-
high performance ionic conductors with a 
structure that can be modulated at will to 

adjust their properties.[26,27]

Here we report the first prototype of such a modular mate-
rial, N-butyl pyridinium diiodido argentate(I), (C4Py)[AgI2]. The 
synthesis is straightforward, the material is obtained as a pure 
crystalline product, and the most prominent feature is a highly 
anisotropic crystals structure, where the basic building block 
[AgI2]− forms infinite chains in 1D around a central Ag+ ion with 
four-fold iodide coordination in a rather distorted geometry. As 
a result, the material shows an ionic conductivity that is almost 
double than what is observed for AgI at room temperature and 
one order of magnitude higher than that of AgI when compared 
at 70 °C. Due to its ease of synthesis and processability, N-butyl 
pyridinium diiodido argentate(I) is a highly interesting candi-
date for solid state ionic conduction. Its performance is much 
better than either bulk or nanoscale AgI and it has the added 
benefit that the material can also easily be modified by adding 
other ions, similar ionic materials based on the [MX4]2− cat-
ions, where addition or change of a 3d metal or a halide ligand 
changes optical properties and ionic conduction.[28,29]

2. Results and Discussion

(C4Py)[AgI2] can be synthesized in a single step method in very 
good yields, see Experimental Section for details. In short, the 

A new solid-state material, N-butyl pyridinium diiodido argentate(I), is syn-
thesized using a simple and effective one-pot approach. In the solid state, 
the compound exhibits 1D ([AgI2]−)n chains that are stabilized by the N-butyl 
pyridinium cation. The 1D structure is further manifested by the formation of 
long, needle-like crystals, as revealed from electron microscopy. As the general 
composition is derived from metal halide-based ionic liquids, the compound 
has a low melting point of  100–101 °C, as confirmed by differential scanning 
calorimetry. Most importantly, the compound has a conductivity of 10−6 S cm−1 
at room temperature. At higher temperatures the conductivity increases 
and reaches to 10−4 S cm−1 at 70 °C. In contrast to AgI, however, the current 
material has a highly anisotropic 1D arrangement of the ionic domains. This 
provides direct and tuneable access to fast and anisotropic ionic conduction. 
The material is thus a significant step forward beyond current ion conductors 
and a highly promising prototype for the rational design of highly conductive 
ionic solid-state conductors for battery or solar cell applications.
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1. Introduction

Organic–inorganic metal halides are important materials for 
the next generation optoelectronic applications.[1–3] Whether 
the phase is perovskite or non-perovskite, these materials have 
been extensively used as light emitting solid state materials,[4–8] 
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precursors are mixed in acetonitrile, heated to reflux, and then  
allowed to cool to room temperature. After a few hours, the 
crystalline product directly precipitates as yellow crystals that  
can directly be analyzed with single crystal X-ray diffraction. 
Figure 1a,b shows the basic building blocks, the reaction 
scheme, and a representative photograph of some of the pre-
cipitated product.
Figure 2a shows SEM images of the needle shaped crystal-

line compound. All crystals exhibit smooth faces and rather 
clear edges indicating a high quality. Additional energy disper-
sive X-ray (EDX) analysis of these structures (Figure S1, Sup-
porting Information) reveals that the silver content amounts to 
33% and iodine is 67%. This is consistent with the stoichiom-
etry shown in Figure 1, suggesting that the basic building block 
is indeed the [AgI2]− unit.

Figure 2b shows a representative IR spectrum of the crystal-
line material. Similar to other halidometallate compounds, the 
spectra of the current material mostly show bands that can be 
assigned to the organic cation, N-butyl pyridinium. Bands at 
1630 and 1490 cm−1 are from CC and CN stretching vibra-
tions of the pyridinium ring. Bands at 175 and 985  cm−1 are 
from the exocyclic C–N stretching of the substituted alkylated 
chain.[28,29] Overall the IR spectra confirm that the organic 
cation is present in the compound.

A further understanding of the structure and structure-prop-
erty relations can be derived from the single crystal structure 
(Figures 3 and  4). The compound (C4Py)[AgI2] crystallizes in 
the monoclinic space group P21 with four formula units per 

unit cell. Table S1 (Supporting Information) shows the crystallo-
graphic data and structural refinement of the compound. There 
are two N-butyl-pyridinium cations and one [Ag2I4]2– anion 
fragment in the asymmetric unit, matching with the EDX anal-
ysis presented in Figure S1 (Supporting Information). Figure 3 
shows the atoms in ellipsoid view with atom labeling. In one 
of the cations there is a disorder of the C17 and C18 atoms of 
the butyl chain with an occupation of part A (labeled in red in 
Figure  3) with 66% and part B (labeled in green) with 34%. 
Within the anion, every Ag cation is tetrahedrally connected 
to four iodide anions, the iodide anions are µ2 linked between 
two Ag cations. This results in one-dimensional [AgI2]− anion 
chains in the solid-state along the crystallographic a axis.

Parallel-displaced stacking interactions are also visible 
between the cations. This results in an alternating arrangement 
of the two symmetry-independent cations, along the crystallo-
graphic a-axis (see Figure  4a). Numerous very weak CH∙∙∙I 
hydrogen bonds form between the cations and the anions 
(Figure  4b, left). All anion chains are embedded by a total of  
three cation stacks each (Figure 4b, right). As a result, the anion 
chains form a 1D anisotropic structure. Structurally these types 
of arrangements are very important for ionic solids because 
they could enable highly anisotropic ionic conduction.
Figure 5 shows additional data obtained from powder X-ray 

diffraction (PXRD). The experimental and  simulated PXRD 
data of (C4Py)[AgI2] exactly match. This demonstrates that (1) 
the single crystal structure is identical to the structure of the 
powders isolated directly from the synthesis and (2) that there 
are no crystalline impurities in the materials.

Besides its structural anisotropy, (C4Py)[AgI2] has inter-
esting thermal properties. Figure 6a shows differential scanning  
calorimetry (DSC) data of the compound. First, the compound 
exhibits a glass transition (Tg) at around 0  °C. The sharp peak 
at 48  °C indicates a cold crystallization (Tc) and the intense 
signal at 100.6 °C stems from a melting transition (Tm). Interest-
ingly the compound has a higher melting point than the parent 
N-butyl pyridinium iodide, which has a melting point of 74  °C.  
This melting point increase is probably because of stronger inter-
actions in the (C4Py)[AgI2] anionic 1D chains along with further 
non-covalent interactions. The crystal structure supports this 
by showing the formation of strong hydrogen bonds and the 
additional parallel-displaced cation π-stacking interactions. The 

Figure 1. a) Principal structural unit of N-butyl pyridinium diiodido 
argentate(I). b) Photograph of some crystals obtained directly after 
cooling the reaction mixture.

Figure 2. a) SEM images of some N-butyl pyridinium diiodido argentate(I) microcrystals. b) Attenuated total reflectance IR (ATR-IR) spectrum of the 
material.
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stronger interactions may lead to a higher melting temperature, as 
more energy is needed for the transition from solid to liquid state.

Thermogravimetric analysis (TGA) experiments were per-
formed to assess the material stability. Figure 6b shows that the 
compound starts decomposing at 250  °C and almost 55% of 
the compound decomposes up to 350 °C, which can predomi-

nantly be assigned to the elimination of the N-butyl pyridinium 
unit. Between 400 and 850  °C decomposition of [AgI2]− unit 
occurs. Ultimately it converts to silver oxide. Further analysis of 
the TGA data using the first derivative (Figure S3, Supporting 
Information) shows that there is no minor weight loss from 
25 to 100  °C. This implies that the compound is water- and 
solvent-free, and not hygroscopic, consistent with the single 
crystal structure described above.
Figure 7 shows the corresponding absorption spectra of 

(C4Py)[AgI2]. The band gap was determined via Tauc plot using  
the Kubelka–Munk equation, see Experimental Section for details. 
The estimated band gap is 3.40 eV, Figure 7 (inset). It is therefore 
larger than the band gap of bulk AgI (2.75 eV).[30,31] Interestingly, 
the absorption band at 3.40  eV is also visible in solution phase 
absorption spectra of (C4Py)[AgI2] (Figure S4, Supporting Informa-
tion). This may imply that the absorption is due to band to band 
transition and an exciton-like feature.[32,33] The bands at 4.26 and  
4.81 eV in the figure are pyridine ring absorption bands.[34,35]

Figure 8a shows the temperature-dependent conductivity of 
(C4Py)[AgI2] obtained from impedance analysis (the Nyquist 
plot with its corresponding electric circuit is displayed in  
Figure S5, Supporting Information). At 30 °C, the conductivity 
of the compound is 1.1 × 10−6 S cm−1. It increases with tempera-
ture and reaches 1.5 × 10−4 S cm−1 at 70 °C. This is significantly 
higher than the conductivity of pure AgI bulk crystals.

It is quite important to understand the ionic conduction con-
tribution in the compounds during conductivity measurements. 
In the ionic conduction measurements, the conductivity,  

Figure 3. Crystal structure of [C4Py][AgI2] with atomic labels. Displace-
ment ellipsoids are shown at the 50% probability level. The disorder in the 
molecular structure is shown in red (part A) and green (part B). X marks 
the center of the pyridinium rings.

Figure 4. a) Parallel-displaced stacking interactions (purple dotted lines) between the cations (hydrogen atoms are omitted). b) CH∙∙∙I hydrogen 
bonding (red dashed lines) between the cations and anions in (C4Py)[AgI2].
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temperature, and the activation energy can be expressed using 
the Arrhenius equation,

T
E

k T
/ exp0

a

B

σ σ( )= −





 
(1)

where σ is the ionic conductivity, Ea is the activation energy, kB 
the Boltzmann constant, and σ0 is a prefactor.

From Equation (1) we obtain,

σ( )= − ∂ ∂











ln /
1

a BE k T
T

 (2)

Figure  8b shows the plot of ln(σT) versus 1000/T. Using 
Equation  (2), the activation energy for ionic conduction is cal-
culated, which is 0.278  eV. The Arrhenius plot has a perfect 

linear temperature dependence. We have also analyzed the 
corresponding polarization data to understand the nature of 
conductivity of these samples. The DC polarization data sug-
gests that the electric contribution in conductivity is negligible 
in these compounds (Figure S6, Supporting Information). So 
overall conductivity is ionic in nature. Figure 8c compares the 
ionic conductivities of (C4Py)[AgI2] with other AgI-based con-
ductors. (C4Py)[AgI2] has a conductivity that is about twice that 
of polycrystalline AgI at 30 °C. At 70 °C, it is almost one order 
of magnitude higher than the conductivity observed for the 
β-phase of bulk AgI, but also two orders of magnitude lower 
than the conductivity of α-AgI nanoparticles dispersed in a 
poly(vinylpyrrolidone) matrix.

Overall, ionic solids such as (C4Py)[AgI2] are interesting 
materials for a variety of applications and the current example 
is a highlight in terms of simplicity of synthesis. The current 
materials are highly promising candidates for solid-state ion 
conduction and a highly versatile and adaptable prototype for 
future generations of ion conductors. Considering the low tem-
perature conductivity at 30  °C, it is the best ionic AgI-based 
solid state conductor currently known at room temperature. 
At 70  °C, AgI still shows better overall conductivities, but the 
current system is far superior in terms of adjustability and a 
“materials by design” approach than any bulk or nanoscale AgI 
or related compound.

As a result, the approach presented here is clearly chal-
lenging plain AgI based-conductors for a multitude of reasons: 
(1) the current approach is a platform approach allowing for 
the smart and rational design of ionic solid state conductors 
by combination of Ag (and other metals) with various ligands 
(halides, pseudo halides, etc.) to adjust the crystal structure and 
dynamics to adjust ion mobility, (2) the choice of counter-cation 
(N-butyl pyridinium in the current study) will enable access to 
2D or even 1D architectures that will allow for directional ion 
conduction, and (3) the synthesis is highly flexible and can be 
completely automated to allow for low-cost-high-throughput 

Figure 5. Experimental PXRD pattern determined from the crystalline 
powder and calculated PXRD of the same material; calculation was done 
from the single crystal structure data shown above.

Figure 6. a) Representative DSC data of the sample (second heating cycle). Red is heating and black is the cooling curve. b) TGA data of the sample 
(red line).

Adv. Mater. Interfaces 2023, 10, 2202363
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synthesis approaches, e.g., via robotic or flow methods while 
still being flexible to allow materials tuning on the fly.

3. Conclusions

In conclusion, we have reported (C4Py)[AgI2] a transparent low 
melting organic–inorganic metal halide ionic solid for superior 
ionic conduction. Along with its simple one pot synthesis, the 
compound has an interesting 1D anisotropic crystal structure, 
which appears to be highly favorable for fast ionic conduction. 
(C4Py)[AgI2] is currently the best Ag-based ion conductor at 
room temperature and a highly promising prototype for more 
advanced ion conductors, especially because its composition 
(and therefore properties) can very easily be adjusted for a spe-
cific requirement.

4. Experimental Section
Chemicals: N-butyl pyridinium iodide (iolitec, ≥98.0 %), Silver 

iodide (VWR, ≥98.0 %), propan-2-ol (VWR ≥  99 %), magnesium sulfate 
AnalaR NORMAPUR (VWR  ≥  98.0 %, CAS 7587–889), acetonitrile 
(VWR  ≥  99.9 %), and ferrocene (Alfa Aesar, ≥99 %) were used as 
received.

Synthesis: (C4Py)[AgI2] has been synthesized in a single step method 
with slight modifications.[36] 1000  mg (3.8  mmol) N-butyl pyridinium 
iodide (C4PyI) and an equimolar amount of the silver iodide salt with 
the ratio of 1:1 (893 mg of AgI) were dissolved in 10 mL acetonitrile. The 
reaction was held at 110 °C for 90 min under reflux conditions. Then the 
reaction mixture was cooled and kept at room temperature overnight 
to allow for the direct precipitation of the crystalline product. These as 
prepared crystals were sufficient for the further analysis without any 
additional purification methods. Average yields of the reaction were 
85%. The synthesis was repeated up to three times in a single batch for 
reproducibility.

Infrared Spectroscopy: A NICOLET iS5 by Thermo Scientific was 
used for the IR measurements alongside an ID7 ATR-attachment with 

a diamond crystal. The samples were measured using ATR mode 
between 4000 and 400 cm−1 with a resolution of 4 cm−1. The sample was 
measured as a powder.

Thermogravimetric Analysis: Thermogravimetric analysis (TGA) was 
carried out by a Mettler Toledo TGA 2 Thermogravimetric Analyzer 
(temperature range: 25 to 1000 °C, mass resolution: 0.1 mg) at a heating 
rate of 10 K min−1 under nitrogen flow in aluminum crucibles.

Single Crystal Structure Analysis: A suitable single crystal of the 
compound was selected using a Leica M205C light microscope and was 
separated with oil. The X-ray diffraction experiment was carried out on 
a Stoe Stadivari with monochromated Mo-Kα radiation (λ = 0.71073 Å) 
and a Pilatus 200 K detector. The measurement was done at 210 K using 
an Oxford Cryosteam cooling device. The data were corrected using 
the program X-Area[37] and the structure was solved by direct methods 
and refined against F2 on all data by full-matrix least-squares using the 
SHELX suite of programs.[38,39] The crystal structure was visualized with 
Diamond.[40] The crystallographic data (CCDC-2178254) can be obtained 
free of charge from the Cambridge Crystallographic Data Centre, http://
www.ccdc.cam.ac.uk.

Powder X-Ray Diffraction: X-ray Powder diffraction data were collected 
on a PANalytical Empyrean powder X-ray diffractometer in a Bragg–
Brentano geometry using Cu Kα radiation (λ = 1.5419 Å). It was equipped 
with a programmable divergence and anti-scatter slit and a large Ni-beta 
filter. The PIXcel1D detector was set to continuous mode with an active 
length of 3.0061°. Scans were run in a 2θ range of 4–70° with step size 
of 0.0131° operating at 40 kV and 40 mA. A sample rotation time of 1 s 
was used.

Scanning Electron Microscopy (SEM) Analysis: Scanning electron 
microscopy  (SEM) was done on a JEOL JSM-6510 SEM (Freising, 
Germany) with a tungsten cathode operated at 15 kV. Prior to imaging, 
all samples were sputter-coated with carbon for 75 s and 18 mA using a 
SC7620 mini sputter-coater (Quorum Technologies, Lewes, UK).

Differential Scanning Calorimetry: DSC measurements were done 
using a Netzsch DSC 214 Polyma at 5–10 K min−1 under nitrogen. Each 
run consisted of three heating-cooling cycles.

UV/Vis-Spectroscopy: UV/vis measurements were conducted using 
a Lambda 950 by Perkin Elmer with the solid material attachment 
Praying Mantis by Harrick Scientific Products INC. During the 
experiments MgSO4 AnalaR NORMAPUR by VWR was used as a 
background material. The measuring range was λ  =  850–250  nm with 
a resolution of 2 nm. The Kubelka–Munk Equation (3) was used for the 
analysis of the UV/vis data.

1
2

2
K
S

R
R

( )=
−  (3)

K is absorption coefficient, S is the scattering coefficient, and R is the 
reflectance.

Based on the UV/vis analysis the optical band gaps were graphically 
analyzed using the Tauc plot (3). The plots were then fitted via Origin.

1/
ghv A hv Enα ( )( ) = −  (4)

h is the Planck's constant, ν is the photon's frequency, α is the 
absorption coefficient, Eg is band gap, A is the proportionality constant, 
with the following values for n, n  =  1/2 for direct allowed transitions, 
n  =  3/2 for direct forbidden transitions, n  =  2 for indirect allowed 
transitions, n = 3 for indirect forbidden transitions.

Electrical Impedance Spectroscopy: Impedance spectra were measured 
as follows: An impedance setup of the Autolab PGSTAT204 system 
(METROHM GmbH & Co. KG) was used to measure from 500 kHz to 
100 Hz with an amplitude of 0.1 V. A temperature-controlled microcell HC 
(rhd instruments) was used for temperature-dependent measurements, 
with the measurements carried out at temperatures ranging from 25 to 
70 °C. A Peltier element with an accuracy of 0.01 °C conducted heating 
and cooling. The compounds were prepared as follows: The compound 
was placed in a separate silicon form and heated to 110 °C in a heating 
oven, with the temperature then being held for 60 min. Besides removing 
most of the residual water, this process produced a macroscopic pellet 

Figure 7. Optical absorption of (C4Py)[AgI2] calculated from the UV reflec-
tance data (black line). Inset: Tauc plot for determination of the band gap 
(red line).
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for usage in the measuring cell. This also ensures a large contact area 
with the electrodes. The pellet was then placed between the electrodes in 
the measuring cell. Using Equation (5) the conductivity σ was calculated 
with R being the (electrolyte) resistance, A being the surface content of 
the circular-shaped electrodes, and d being the height of the sample, 
which also is the thickness of the electrode layer.

·
d

R A
σ =

 (5)

During the impedance measurements, the performance of the pure 
ILs was analyzed using a two-electrode cell setup (Pt-electrode, Graphit-
electrode) with a rhd TSC battery (Ni-electrodes 9 mm) in combination 
with a Metrohm Autolab PGSTAT204. To prevent corrosion and 
degradation of the Ni-electrodes, Au-electrodes were placed between 
sample and Ni-electrodes. Measurements were done using the NOVA 
software (Metrohm). Analysis was done using the RelaxIS software (rhd 
instruments, Marburg, Germany).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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