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Proton-electron coupling and mixed
conductivity in a hydrogen-bonded
coordination polymer

Minju Park 1, Huiyeong Ju 2, Joohee Oh 3,4, Kwangmin Park 1,
Hyunseob Lim 3,4 , Seok Min Yoon 5,6 & Intek Song 1

The fundamental understanding of coupled proton-electron transport in
mixed protonic-electronic conductors (MPECs) remains unexplored in mate-
rials science, despite its potential significance within the broader context of
mixed ionic-electronic conductors (MIECs) and the possibility of controlled
diffusion of protons using hydrogen-bond networks. To address these lim-
itations, we present a hydrogen-bonded coordination polymer Ni-BAND
({[Ni(bpy)(H2O)2(DMF)2](NO3)2·2DMF}n), which demonstrates high mixed
protonic-electronic conductivity at room temperature. Through detailed
analysis, we unravel the coupled transport mechanism, offering insights for
the rational design of high-performanceMPECs. We demonstrate the practical
implications of this mechanism by examining the humidity-dependent
synaptic plasticity of Ni-BAND, showcasing how MPECs can expand into tra-
ditional MIEC applications while leveraging their unique proton-mediated
advantages.

Mixed protonic-electronic conductors (MPECs) are materials capable
of conducting both protons and electrons1–5. This dual conductivity
enables the exploration of interactions between proton and electron,
specifically proton-electron coupling (PEC). On a microscopic scale,
this is exemplified by proton-coupled electron transfer (PCET), where
the movement of protons and electrons enhances their mutual
transfer6,7. This mechanism is critical for redox reactions involving
hydrogen, such as water splitting, photosynthesis, and respiration.
Consequently, MPECs have been extensively studied to facilitate PCET
in various electrochemical processes like the hydrogen oxidation
reaction (HOR) or the oxygen evolution reaction (OER)1,8.

Beyond the microscopic scale, PEC is crucial in transport phe-
nomena within MPECs. This importance is evident from the broader
category of mixed ionic-electronic conductors (MIECs), where ionic-
electronic coupling significantly impacts material properties. For

example, ion-electron interactions influence the contrast ratio in
electrochromic devices, determine the number of states in neuro-
morphic devices, and affect the transconductance in electrochemical
transistors9. Moreover, ion-electron interactions can induce doping
effect, which significantly improves the materials’ conductivity. The
significance of PEC is further supported by the unique characteristics
of protons compared to other ions, such as their responsivity to
environmental moisture and the transport through the Grotthuss
mechanism. The moisture responsivity means that protons can be
directly derived from moisture, allowing for relative humidity as a
parameter to control the transport characteristics10,11. The Grotthuss
mechanism, which leverages hydrogen bond (H-bond) network,
enhances transport mobility and establishes a strong structure-
property correlation10. This is in contrast to the diffusion of other
ions, which often suffers from randomizedmovement, making itmore
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difficult to predict and optimize their transport12,13. Therefore, with
PEC,MPECs can advance the conventional uses ofMIECs by improving
their performance and providing material designability.

Despite thesepromising attributes, the exploration andutilization
of PEC in MPECs presents significant challenges. For example, tradi-
tional oxide-based MPECs operate at very high temperature, such as
300 to 600 °C, limiting their study and applications under ambient
conditions14,15. Composite MPECs often show high conductivity for
both electrons and protons at room temperature, their complex
structures make it difficult to understand the underlying conduction
and coupling mechanisms16–20. Radical salts show extremely high
electrical conductivity, but their single crystal form factor hinders
practical applications, and their in-vacuo proton conductivity is rela-
tively lower than that of the electrons21,22.

Recent studies on MPECs have increasingly focused on metal-
organic frameworks (MOFs), as their orderly structures enable sys-
tematic investigations of conduction mechanisms2–4. While they
incorporate H-bond network and extended π conjugation to enhance
protonic andelectronic conduction respectively, achieving abalancing
between them within a single MOF remains challenging. Their con-
ductivity levels are typically low and uneven for protons and electrons.
The balanced conductivity for protons and electrons is particularly
important for the optimized performance and applications23,24. More
importantly, the specific effects of PEC on these properties remain
unclear.

To address this challenge, we combine design strategies from π-
conjugated polymers and hydrophilic moieties using coordination
chemistry. The former is inspired by poly(2,3-dihydrothieno-1,4-
dioxin)-poly(styrenesulfonate) (PEDOT:PSS), a highly conductive π-
conjugated polymer, which utilizes its conjugated backbone to sta-
bilize doped states resulting from ion-electron coupling25. The latter
enables the diffusion of water molecules, leading to high proton
conductivity as in Nafion26. Applying these approaches, we design a
hydrogen-bonded coordination polymer to have nickel (Ni) coordi-
nated with ligands: 4,4’-bipyridine (bpy), water (aqua; H2O), nitrate
(NO3

-), and dimethylformamide (DMF). The bpy ligands are capable
of bridging, allowing for formation of coordination polymers and
enhancement of electrical conductivity27,28. With NO3

- and H2O
ligands, they construct a wide variety of coordination polymers with
extensive H-bond networks for efficient proton conduction29–31. DMF
facilitates charge transfer in coordination complexes32. Moreover,
when utilized as a solvent, DMF enables scalable material prepara-
tion. For instance, its low surface tension and slow evaporation rate
facilitate the spin coating process for creating thin films33. The
transport properties of these thin films are superior to commonly
used pellet forms due to fewer grain boundaries. Additionally, DMF’s
polarity aids in forming polymer gels28,34. These gel forms provide
structural flexibility and support complex diffusion phenomena,
making them ideal for soft electronics and bio-realistic
applications35,36.

In this study, we investigate a hydrogen-bonded coordination
polymer, termed Ni-BAND ({[Ni(bpy)(H2O)2(DMF)2](NO3)2·2DMF}n),
termed Ni-BAND, named after the center metal and the first letters of
each ligand. Ni-BAND exhibits high electrical conductivity (0.24 S/cm,
RH < 10%) and proton conductivity (0.09 S/cm, RH >90%) at room
temperature (Fig. 1). Experimental and theoretical analyses reveal that
PEC has a critical role in transport properties through strong n-type
doping and water adsorption. Notably, Ni-BAND exhibits a transition
between electron- and proton-dominant transport regimes depending
on humidity levels. In its gel form, Ni-BAND displays PEC-induced
resistive switching behavior, suggesting potential applications as a
neuromorphic gel that mimics synaptic behaviors and soft texture of
biological tissues.Overall, this study emphasizes the critical role of PEC
in MPECs by discussing transport dynamics, structure-property rela-
tionships, and neuromorphic applications.

Results
Synthesis, structural analysis, and characterization of Ni-BAND
The synthesis of Ni-BAND starts with the preparation of a precursor
[Ni(bpy)(H2O)2(NO3)2]n by reacting Ni(NO3)2·6H2O with bpy in
ethanol37 (Fig. 2a). The precursor is then dispersed in DMF and left
undisturbed in a sealed vial at room temperature, yielding blue, face-
ted crystals of Ni-BAND over a period of 72 h (Fig. 2b, c). For thin film
preparation, the dispersion is directly spin-coated onto arbitrary sub-
strates, including rigid substrates such as SiO2/Si, quartz, and ITO glass
as well as on flexible substrates like polyethylene terephthalate (PET)
(Fig. 2d). The resulting film has a thickness of 300nm, as confirmed by
atomic force microscopy (Supplementary Fig. 1). Drop-drying with
higher concentration yields a gel form instead (Fig. 2e). Such gelation
from high concentration of precursors aligns with existing literature
on MOF gelation38.

Single-crystal X-ray diffraction (SCXRD) analyses revealed the
crystal structures of Ni-BAND, showing a six-coordinate Ni(II) complex
with two non-coordinated DMF and NO3

− molecules per unit cell
(Fig. 3a, Supplementary Tables 1–4 and Supplementary Data 1). The
coordination sphere includes twoH2O, twoDMF, and twobridging bpy
ligands in a trans configuration. This hints that the synthesis involves
the net chemical reaction as follows26:

½NiðbpyÞðH2OÞ2ðNO3Þ2�n +2nDMF ! f½NiðbpyÞðH2OÞ2ðDMFÞ2�2+ gn +2nNO3
�

ð1Þ

The four rings of the bpy ligands in Ni-BAND exhibits near
coplanarity with slight tilting, forming a one-dimensional bpy-Ni-bpy
chain (Fig. 3b, c). Molecular orbital (MO) analysis reveals unique d-π
conjugation along this backbone chain (Fig. 3d and Supplementary
Fig. 2). The lowest unoccupied molecular orbital (LUMO), and its
nearest unoccupied molecular orbitals (UMOs) exhibit delocalized
states along bpy-Ni-bpy. In contrast, the highest occupied molecular
orbital (HOMO) and its nearest occupied molecular orbitals (OMOs)
display localized states (see Supplementary Note 1).

In addition, Ni-BAND features extensive H-bond networks
(Fig. 3e). A unit cell of Ni-BAND features 14 unique H-bonds meeting
Steiner’s criteria for H-bonds in solids: bond distance less than 3Å and
angles greater than 110°39 (Supplementary Table 5). Notably, strong
H-bonds are found between the non-coordinatedmolecules (NO3

− and
DMF) and the H2O ligands; the distance between O5 fromDMF and O6
from H2O is 2.713 Å, and that between O2 from NO3

− and O6 fromH2O
is 2.737 Å (Fig. 3c). H-bonds are also present among adjacent unit cells,
includingweakC-H···O types.MultipleH-bondpathways formbetween
the coordinated water ligands, exhibiting a range of bond strengths
(Supplementary Fig. 3).

The powder X-ray diffraction (PXRD) patterns correspond closely
with the theoretical patterns derived from single crystals and exhibit
stability under vacuum conditions (Supplementary Fig. 4). While most
patterns match with each other, the diffraction pattern shows slight
shifts toward lower diffraction angles in peaks near 2θ = 25°, specifi-
cally those corresponding to the (12-1) and (20-2) crystallographic
planes that run parallel to the bpy-Ni-bpy chains. These shifts can be
attributed to non-uniform distortions caused by water molecule
incorporation between the bpy-Ni-bpy chains40. XRD studies on thin
films further show that they exhibit preferred orientation. In regions of
small-angle diffraction below 10°, wherediffraction from the (001) and
(010) planes is anticipated, in-plane diffraction obtained by grazing-
incidence X-ray diffraction (GIXRD) exclusively reveals the (001)
planes (Fig. 3f). Conversely, the out-of-plane diffraction pattern shows
solely the (010) planes. The former plane intersects the bpy-Ni-bpy
plane, whereas the latter lies along the bpy-Ni-bpy axis (Fig. 3g). This
suggests that in thin films the bpy-Ni-bpy planes tend to lie on the
substrate surface rather than orienting vertically (Fig. 3h). In the gel
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form, the diffraction patterns are generally weaker, reflecting a less
crystalline structure (Supplementary Fig. 4). They also suggest the
presence of short-range order among the polymer chains as well as
swelling of the lattice structurewithin the gel, pointing to the potential
for a hierarchical gel form in Ni-BAND.

X-ray photoelectron spectroscopy (XPS) analysis confirms the
formation of Ni-BAND thin films without detectable impurities (Sup-
plementary Fig. 5). The Ni2p spectrum shows a single oxidation state
with two additional satellite peaks. The observed 2p3/2 peak at 855 eV
aligns with the expected binding energies for octahedral Ni2+-O
(~856 eV) and Ni2+-N (~854 eV) in Ni-BAND41,42. The lack of a peak at
857 eV indicates the complete consumption and removal of the start-
ing reagent Ni(NO3)2

43. The chemical environment is further validated
by the O1s spectrum showing two distinct components (metal-bound
oxygen at ~530 eV and oxygen in NO3

−, H2O, and DMF at ~532 eV)44,45,
and the N1s spectrum displaying distinct peaks for NO3

− nitrogen
(~406 eV) and pyridinic/metal-coordinated nitrogen (~399 eV)42,46.
Thermogravimetric analysis (TGA) shows loss of water and DMF at
100 °C and 150 °C, providing additional confirmation of the material’s
composition (Supplementary Fig. 6).

Proton-electron coupled transport in Ni-BAND
The presence of d-π conjugation and extended H-bond network sug-
gests that Ni-BAND can potentially conduct both electrons and pro-
tons. To investigate this dual transport, thinfilmdeviceswith gold (Au)
electrodes were fabricated (Fig. 4a). Utilizing films instead of pellets
enhances practical applications due to scalability and improved
molecular interconnectivity, which reduces barriers to charge trans-
port. In this filmic form, environmental moisture can interact with the
H-bond network, facilitated by hydrophilic moieties like NO3

−, DMF
and H2O

47 (Fig. 3h).
Direct current (DC) conductivity measurements reveal highly

conductive nature of Ni-BAND. Two-electrode I-V measurements
showed linear response, and four-point probemeasurements revealed
a DC conductivity of 0.20 S/cm at ambient conditions (25 °C and 50%
RH) (Fig. 4a). This value exceeds that of the record for structurally
similar 1D MOF with d-π conjugations (0.094 S/cm in DDA-Cu) and
hydrogen-bonded organic frameworks (1.35 × 10−6 S/cm in MUV-
20b)48–50. The devices demonstrate air stability, exhibiting a decent
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SiO2(300nm)/Si substrate (1.5 cm× 1.5 cm). e Photograph of Ni-BAND gel (2 cm×
2 cm) prepared on a glass substrate.

Article https://doi.org/10.1038/s41467-025-56541-2

Nature Communications |         (2025) 16:1316 3

www.nature.com/naturecommunications


retention of the conductance when exposed to air for over a month
(Supplementary Fig. 7).

To understand the potential contribution of protons to the
overall transport, Ni-BAND’s responses to varying humidity levels
were examined. Water vapor adsorption isotherm revealed three
distinct phases: initial sharp uptake (Phase I, <30% RH), plateau
region (Phase II, 30–70% RH), and secondary uptake (Phase III, >70%
RH) (Fig. 4b). Negligible N2 adsorption (surface area ~9m2/g, Sup-
plementary Fig. 8) suggests that the water uptake occurs through
multilayer formation with hydrophilic components such as NO3

−,
DMF, and H2O, mirroring the behavior of non-porous polymers like
Nafion26,51,52. It also aligns with the PXRD peak shift near 2θ = 25° as
discussed above.

The humidity dependence of the four-point probe DC con-
ductivity revealed a complex transport behavior, implying strong
coupling between electrons and protons. The conductivity shows a
distinctive J-shaped response to humidity levels, with a minimum at
50% RH (Phase II) (Fig. 4b), reminiscent of the mobility-dopant con-
centration relationship in MIECs. That is, the decreased electrical
conductivity in Phase II can be attributed the low concentration of
protons acting as Coulombic traps for electrons, whereas in Phase III,
the elevated concentration of protons enhances doping effect and
electrical conductivity through band-like transport. This behavior can
be further modulated by humidity-induced structural changes: lattice
expansion in Phase II impedes intermolecular electron transfer, while

in Phase III, the pronounced doping effect overcomes these structural
limitations.

Electrochemical impedance spectroscopy (EIS), when coupled
with transmission line model (TLM) analysis, provides comprehensive
insights into charge transport mechanisms beyond the scope of DC
conductivity measurements, particularly for mixed conductors9,53,54.
The TLM framework employs an intuitive equivalent circuitmodel that
helps interpret the unique impedance response patterns of these
complex systems (Fig. 4c, d; see Supplementary Note 2). The TLM
analysis reveals distinct transport behaviors across the humidity pha-
ses. In Phases I and II, the Nyquist plots show semicircular responses
without Warburg elements, indicating electron-dominant transport
(Fig. 4e, f). Despite Ni-BAND’s extensive H-bond network connecting
adjacentH2O ligands, the presenceofweakH-bond fragmentsmakes it
less suitable for efficient proton transport under low to intermediate
humidity levels, leaving electrons as the primary charge carriers
(Supplementary Fig. 3). The larger semicircle in Phase II correlateswith
the decreased DC conductivity, supporting the proposed electron-
trapping mechanism by sparse protons.

Phase III exhibits a small high-frequency semicircle and a War-
burg tail, suggesting transition to proton-dominant transport despite
significant electrical conductivity (Fig. 4g, h). Multilayer formation in
Phase III enhances H-bond connectivity, potentially allowing for
efficient proton transport, despite having relatively weak C-H···O
hydrogen bonds52,55,56. Theoretical calculations indicate H2O ligands

~45°
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as potential proton sources, with the O-H bond energy of 4.85 eV
(lower than pure water’s 7.11 eV) (Supplementary Fig. 9). This is
consistent with the previous studies showing the acidity of H2O
ligands in proton conductors with positively charged framework57–59.
The estimated proton conductivity reaches 0.09 S/cm, indicating
superprotonic conductivity (>10−2 S/cm).3 The estimated activation
energy is 0.22 eV, consistent with the Grotthuss mechanism
(Supplementary Fig. 10).

This mixed proton-electron conductivity corresponds with the
high electrical conductivity of Ni-BAND through n-type doping. The
optical band gap of 1.28 eV derived from Tauc plot and the valence
band maximum (VBM) energy of 1.17 eV versus the Fermi level from
ultraviolet photoelectron spectroscopy (UPS) indicate the Fermi level
positioning near the conduction band minimum (CBM) (Fig. 5a, b).
Temperature-dependent conductivity measurements revealed an
Arrhenius activation energy of 0.06 eV, characteristic of shallowdonor
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states (Fig. 5c). This n-type doping aligns with the MO analysis, where
electrons utilize delocalized states of LUMO and nearest UMOs.

In MPECs, proton-electron coupling requires n-type doping to
maintain charge neutrality, similar to the ion-electron coupling
observed in MIECs9. The n-type doping is further enhanced by struc-
tural disorders, particularly nitrate vacancies present in polycrystalline
films and gels (Fig. 5d–g). DFT calculations show that these defects
simultaneously reduce the band gap, promote n-type doping, and
enhance band dispersion along the bpy-Ni-bpy chain (see Supple-
mentary Note 1). Bader charge analysis confirms that the n-doping
effect is stabilized in the framework due to bpy ligands in the con-
jugated bpy-Ni-bpy chain. The bpy ligands, known for their electron-
accepting properties in coordination complexes, accommodate
excess electrons and prevent the reduction of Ni(II) centers60 (Sup-
plementary Table 6).

Ni-BAND’s conductivity behavior showsparallelswithwell-studied
systems. Its electron transport resembles PEDOT:PSS, which exhibits
minimal conductivity in its dedoped state but shows high conductivity
upon doping, where its conjugated backbone holds the doped
charges25. Simultaneously, Ni-BAND’s extensive H-bond network facil-
itates water adsorption and proton transportmechanisms reminiscent
of Nafion. The humidity-dependent transport measurements confirm
the coupling between protons and electrons, ultimately promoting
n-type doping to maintain charge balance56. While PEC and structural
disorders may individually present minor effects, their synergistic
interaction enables effective n-doping in Ni-BAND, analogous to
extrinsic semiconductors where minimal dopant concentrations can
dramatically alter electrical properties61.

The significant role of proton-electron coupling in Ni-BAND’s
transport contrasts with previous studies. Su et al.’s3 work attributed
electrical conductivity to pseudocapacitance arising from redox pro-
cesses, and Choi et al.’s2 study treated protonic and electronic con-
ductivities as separate. Moreover, Ni-BAND presents a viable
alternative to He et al.’s4 strategy of isolating these conduction types
within a single material. These insights not only clarify the intricate
dynamics of charge transport but also inspire approaches to material
design.

Neuromorphic potential of Ni-BAND synaptic devices
Building on PEC, Ni-BANDwas assessed for its potential inmemristors,
an emerging application for MIECs9,35,62. Memristors are critical for
their ability to remember resistance states, enabling learning pro-
cesses through synaptic plasticity63,64. Therefore, they are considered
fundamental components for neuromorphic computing, which seeks
to emulate the brain’s architecture to advance sustainable artificial
intelligence. The potential of MPECs in memristors is particularly
promising due to the critical role of moisture-derived protons in
resistive switching behaviors of interface-type memristors11. Addi-
tionally, the strong structure-transport relationship provided by the
Grotthuss mechanism enables the systematic design of these mem-
ristors. Therefore, investigating Ni-BAND memristors could illustrate
how MPECs might expand the traditional applications of MIECs by
leveraging PEC, as discussed in the Introduction.

Ni-BAND films with Au electrodes exhibited a small pinched hys-
teresis at high sweeping voltages (−15 V to 15 V), a fingerprint of

memristors63,65 (Supplementary Fig. 11a). Although increasing the bias
to −30V to 30 V produced a larger hysteresis loop, it remained still too
small to effectively study memristive properties and posed a risk of
damaging the films (Supplementary Fig. 11b). To address this issue, a
gel formofNi-BAND,which showshigher resistance,was introduced to
maximize the memristive properties (Fig. 6a, b). The higher resistance
of the gel form compared to the filmmay be attributed to the swollen
DMF solvent and lower crystallinity. This exploration of neuromorphic
gels specifically offer benefits such as inherent flexibility and stretch-
ability, whichmake them ideal for applications inprintable electronics,
wearable devices and soft robotics35,66.

At lower bias voltages (−20V to 20 V), the devices exhibited a
linear current-voltage (I-V) response, similar to that observed in film-
based systems (Supplementary Fig. 12). However, when the voltage
range was extended to −30 to 30V, a pinched hysteresis began to
appear, becoming more pronounced as the sweep rate decreased
(Fig. 6d and Supplementary Fig. 13). The pinchedhysteresis inNi-BAND
gelmemristors is characterizedby a gradual shift froma low-resistance
state (LRS) to a high-resistance state (HRS) when subjected to sig-
nificant positive or negative electrical biases (steps 1 to 2 and 3 to 4 in
Fig. 6d). The device returns to LRS when the bias polarity is reversed
(steps 2 to 3 and4 to 1 in Fig. 6d). Thisbehaviordefines theNi-BANDgel
memristors as analog-switching, volatile memristors, making them
suitable for use in neuromorphic computing systems67,68.

The resistive switchingmechanism inNi-BANDmemristors can be
attributed to PEC (Fig. 6e). Specifically, the accumulation of protons at
the electrode interface leads to a modification of the Schottky barrier
height by trapping electrons. This phenomenon results in asymmetric
Schottky barriers on each side of the electrodes, a known mechanism
to induce memristive properties in Nb:STO and MoS2

11,68. This
hypothesis gains support from several observations. Firstly, pinched
hysteresis is present in devices with inert Au electrodes, which do not
form conducting filaments. Additionally, gradual changes in con-
ductance during voltage sweeping—unlike the sudden transitions in
filamentary memristors—further support this notion69. Moreover, the
reversible appearance and disappearance of pinched hysteresis when
cycling betweendry andhumid conditions underscore the significance
of protons in dictating memristive properties11 (Fig. 6d and Supple-
mentary Fig. 14). Returning to LRS upon bias polarity reversal is also
noticeable in memristors based on Schottky barrier modifications,
particularly under high bias voltages68,70.

Ni-BANDgelmemristors exhibited synaptic plasticity,mirroring the
adaptability of biological synapses through potentiation and depression
in response to applied pulse trains (Fig. 6c, f). Specifically, the con-
ductance increased following a series of negative bias pulses and
decreased after a series of positive bias pulses. This synaptic behavior
parallels that observed in MoS2-based memristors, which exhibit a
similar pinched hysteresis pattern as shown in Fig. 6d70. This achieve-
ment marks the first demonstration of protonic memristors, which use
protons as neurotransmitter and coordination polymers as the channel
material to demonstrate synaptic plasticity. To the best of our knowl-
edge, prior instances of synaptic behavior in memristors based on
reticular materials primarily involved electroforming, where metal dif-
fusion through these materials was the key operational mechanism71–73.
Moreover, the synaptic behaviors were maintained after 300 bending

Fig. 4 | Humidity-dependent transport properties ofNi-BAND. aCurrent-voltage
(I-V) characteristics of Ni-BAND film on SiO2/Si substrate with Au electrodes (±2 V
range). Inset: optical microscopic image of device. The scale bar denotes 200 µm.
b Water vapor adsorption isotherm at 298K (blue) and electrical conductivities
(red) measured under varying relative humidity (RH) levels. c Transmission line
model schematic for Au electrode device with circuit elements describing electron
rail resistance (re), proton rail resistance (rp), electron interfacial resistance (rint,e),
proton interfacial capacitance (cint,p), chemical capacitance (cchem), and dielectric
capacitance (cdiel). d Simulated impedance spectrum based on model in (c), where

Rbulk represents the bulk resistance of the MIEC (MPEC) channel, Re and Rp as the
resistance along the electron and proton rails, respectively, and ω as the AC
sweeping frequency. Equivalent circuit models and corresponding impedance
spectra of MPEC with electron-dominant (e) and proton-dominant transport (g),
where C and W represent capacitive and Warburg elements, respectively. Experi-
mental impedance spectra at varying humidity levels (f) and magnified view (h).
Black line in h shows fit using the circuit model in (g). Fitting parameters: Rp,
1.40× 104Ω; C, 8.34 × 10−9 F sα−1 (α =0.639);W, 7.00× 105Ω s−1/2. Source data are
provided as a Source Data file.
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cycles, indicating the flexibility of the gel and devices (Fig. 6f). This
discovery highlights a striking resemblance between Ni-BAND gel devi-
ces and biological neurons; protons act akin to neurotransmitters,
influencing the conductance or synaptic strength within a flexible and
soft gel system, reminiscent of biological tissues.

Discussion
Our investigation into Ni-BAND reveals its distinctive mixed proton-
electron conductivity, arising from its water-adsorbing properties and
n-type doping in the system. A notable feature is strong PEC in Ni-
BAND, characterized by transition of the major charge carrier
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Fig. 5 | Electronic characterization and band structure of Ni-BAND. a Tauc plot
fromUV-Vis spectrum of Ni-BAND showing optical band gap, where α is absorption
coefficient h is the Planck constant, ν is the photon’s frequency, and Eg is the band
gap energy. Linear background fit parameters: slope, 37.4; y-intercept, −34.1. Linera
peak fit parameters: slope, 506; y-intercept, −634. b UPS spectrum near the Fermi
level,whereEv is the energy differencebetween the valencebandmaximumand the
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c Arrhenius plot of electrical conductivities (σ) measured using four-point-probe
measurement, where T is the measured temperature. Linear fit parameters: slope,

−0.6765; y-intercept, 0.7588.dOptimized crystal structureof Ni-BAND in real space
and its corresponding first Brillouin zone in reciprocal space. Fractional coordi-
nates of all atoms are provided in Supplementary Data 2, and coordinates of high-
symmetric points in the reciprocal space (Γ,Χ, Υ, Z, R, T, U, V, P and P’) are provided
in SupplementaryTable 7. Calculated electronicband structure (top) anddensity of
states (bottom) for pristine (e) and NO3

− removed, n-doped Ni-BAND (f).
g Schematic representation and density of states upon n-doping. Source data are
provided as a Source Data file.
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depending on humidity, underscores the importance of coupled
transport for achieving high conductivity. It further facilitates resistive
switching behavior in Ni-BAND, particularly in its gel form, suggesting
its potential for application in synaptic devices. This shows howMPECs
can broaden and enrich the applications of MIECs by bridging unique
properties of protons through PEC. This research not only elucidates
the interactions between protons and electrons within coordination
polymers but also paves the way for applications of MPECs. By
demonstrating their versatility beyond traditional electrochemical
uses, this study positions MPECs as next-generation materials for
electronics and iontronics.

Methods
Synthesis and preparation of crystals, thin films, and gels
The precursor for Ni-BAND was initially synthesized by dissolving
5mmol of Ni(NO3)2·6(H2O) (Alfa aesar, 98%) and 5mmol of 4,4’-bipyr-
idine (Acros organics, 98%) into 6ml of ethanol (Samchun, 99.8%). The
precursor immediately began to form aftermixing, further promoted by
sonication. The precipitated precursor was then filtered through a nylon
filter and rinsed with ethanol. The precursor was obtained with the yield

of 93.5%. The precursor was stored in dry conditions for the following
synthesis processes.

For crystal synthesis, the precursor was dispersed into dimethyl-
formamide (Samchun, 99.5%) to achieve a concentration of 0.1 g/mL.
Note that during the dispersion, exposure to highly humid environ-
ments should be avoided, as moisture can inhibit proper precipitation
and crystallization of the product. The dispersion was filtered through a
nylon syringe filter (HyundaiMicro, NY045047A, pore size 450nm). The
filtered dispersion was sealed in a vial and allowed to stand undisturbed
for 72h at room temperature to precipitate blue crystals of Ni-BAND.
The crystals were then filtered through a nylon filter, followed by rig-
orous rinsing with methyl isobutyl ketone (MIBK, Alfa aesar, 99%) to
remove impurities. Ni-BAND crystals were obtained with a yield of
50.6%. Then, it was kept under vacuum for 24h for further analysis.

For thin film preparation, the DMF dispersion of the precursors
was prepared at 0.1 g/mL, which is identical to that used in the crystal
growth. It was directly spin-coated onto various substrates, including
SiO2 (300 nm)/Si (Namkang Hi-tech, p-type), quartz (Hi-Solar), and
PET. Spin-coating was conducted at 800 rpm for 10 s, followed by
2000 rpm for 60 s, resulting in a film of 300 nm in thickness. Prior to
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spin coating, the substrate was treated with air plasma using a plasma
cleaner (Alpha Science, PDC-32G-2) to enhance the film uniformity.

For gel formation, the concentration of the dispersion was
0.375 g/mL. Dip-coating or drop-drying a filtered dispersion onto
arbitrary substrates results in a thick, separable gel.

Crystallographic and structural characterizations
Morphological examinations were conducted using an optical micro-
scope (Nikon, Eclipse LV150NL) and a scanning electron microscope
(Tescan, Vega II LMU). Thermogravimetric analysis was carried out
with a Rigaku TG-8120 machine. Surface area and porosity analyses
were performed via BET measurements utilizing a Microtrac MRB
BELSORP MAX instrument. X-ray photoelectron spectroscopy (XPS)
was performed using a Thermo Fisher Scientific Multilab-2000
instrument with an Al Kα source. Ultraviolet photoelectron spectro-
scopy (UPS) was conducted on a Thermo Fisher NEXSA instrument
with a bias voltage of−5 V. UV-Vis spectrawereobtained using a Scinco
S-3100 spectrophotometer.

Water vapor adsorption isotherms were obtained by measuring
the weight changes depending on the humidity levels74. Sample dry
weights were first obtained immediately after complete drying (w0).
The samples were then placed in a chamber with controlled humidity
and temperature (298K). At each desired humidity level, the sample
weight was measured once it reached a constant value (wwet). The
adsorbed water content was calculated as ðw� w0Þ=w0.

The crystal structure of the crystallized samplewas determinedby
SCXRD methods at the Korea Basic Science Institute (KBSI, Western
Seoul Center, Korea). A single crystal was picked up with paratone oil
and mounted on a Bruker D8 Venture PHOTON III M14 diffractometer
equipped with a graphite-monochromated Mo Kα (λ = 0.71073Å)
radiation source and a cold stream (−50 °C). Data collection and inte-
gration were performed using the software package of APEX3
(Bruker)75. The absorption correction was performed by a multi-scan
method implemented in SADABS76. The structure was solved by direct
method using the SHELXS program of the SHELXTL package and
refined by full-matrix least-squares methods with SHELXL-201877. All
the non-hydrogen atoms were refined anisotropically, and the hydro-
gen atoms were added to their geometrically ideal positions.

Powder X-ray diffraction was performed using a Rigaku Ultima IV
instrument equippedwithCuKα radiation (2 kW). Grazing-incidenceX-
ray diffraction experiments were conducted with a Panalytical
Empyrean instrument with CuKα radiation.

Electron and proton transport characterizations
Thin film devices were fabricated by sputtering Au for 80 s onto the
films with a sputter (Cressington, Sputter Coater 108auto). Shadow
masks defined the geometry of the electrodes. Four-point probe
measurements were performed using a dedicated machine (Ossila,
T2001A3). Two-point probe measurements were performed within a
controlled gas/vacuum environment using a specialized probe station
(Nextron, MPS-VAC) and a custom-made wired devices in a sealed vial.
The injected Ar gas (99.999%) was monitored and controlled using
mass flow controllers (Alicat, MC series). Eachmeasurement was taken
once after the target environment conditions (temperature, humidity,
and pressure) had stabilized for a minimum of 30min. Tomeasure DC
conductivity, a source meter (Keithley, 2636B SourceMeter) was used.
For AC conductivity measurements, an oscilloscope (Tektronix, TBS
2102) and a function generator (Tektronix, AFG1062) were used with a
shunt resistor. Electrochemical impedance spectroscopy (EIS) was
collected over a frequency range spanning from 100Hz to 1MHz,
applying an amplitude of 0.5 V without any DC bias, with the system
exhibiting linear response. The acquired spectra were processed using
the impedance.py package in Python78. The conductivity (σ) was cal-
culatedbasedon thefilm’s resistance (R), whichwasdeterminedby the
fitted circuit. This calculation was performed using the following

equation: σ = l=ðRtwÞ, where l represents the channel length, w is the
channel width, and t is the film thickness.

For gel devices, gold (Au) electrodes were sputtered onto glass
substrates. Ag electrodes were prepared using conductive paste79.
Channels were defined by masking the substrate before introducing
the gel, thus configuring the devices with bottom electrodes. The
bending experiments utilized a custom-built bending machine80.

Theoretical calculations
Spin-polarized density functional theory (DFT) calculations were
performed using the Vienna Ab-initio Simulation Package (VASP)81,82

to optimize the crystal structure and calculate fundamental elec-
tronic properties. The cell volume and ionic positions were opti-
mized based on the crystal structure determined by SCXRDmethods
with fixed cell shape. The exchange-correlation energy was evaluated
using the Perdew-Burke-Ernzerhof (PBE)83 functional. The core elec-
trons were replaced by projector augmented wave (PAW)84 pseudo-
potentials, expanded in a basis set of plane waves up to a cutoff
energy of 400 eV. Electronic and ionic relaxations were performed
until the total energy and atomic forces converged below thresholds
of 10−5 eV and 0.05 eV/Å, respectively. A Γ-centered 4 × 4 × 3 k-point
grid was used for Brillouin zone sampling. The VASPKIT package85

was used for the post-processing of the electronic band structure
and density of states were displayed as sum of spin up and down.
Molecular DFT calculations were performed using the Gaussian 16
program86 to study orbital interactions in Ni-BAND. The B3LYP
functional87 and def2-TZVPP basis88,89 set were applied for molecular
orbital calculations based on single point calculations from the VASP
optimized structure.

Data availability
The X-ray crystallographic data for Ni-BAND have been deposited at
the Cambridge Crystallographic Data Center (CCDC) under the data-
base identifier CCDC: 2361111. Copies of the data can be obtained free
of charge via https://www.ccdc.cam.ac.uk/structures/. Source data are
provided with this paper.
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