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Abstract: Rational control of unidirectional proton transport is highly 

challenging, primarily owing to the difficulty in introducing an 

asymmetric factor into proton conducting media. In this study, free-

standing membranes of a proton-conducting two-dimensional porous 

coordination polymer, Cu2(CuTCPP) (H2TCPP: 5,10,15,20-tetrakis(4-

carboxyphenyl)porphyrin) and a hydroxide ion-conducting layered 

double hydroxide, Mg-Al-LDH(NO3), were combined to generate a pH 

gradient in the conducting media. The current–voltage measurements 

revealed that the heterogeneous membrane exhibits a significant 

unidirectional proton transport with a proton rectification ratio 

exceeding 200 under 90% relative humidity in the initial voltage scan. 

This value is the highest among the reported all-solid-state proton 

rectifiers. The high designability of both components with well-defined 

structures, which is in contrast to the organic polymers used so far, 

provides a new avenue for developing and understanding the proton-

rectifying behavior in the solid state. 

Introduction 

Unidirectional proton transport plays an essential role in 

adenosine triphosphate production, which is driven by the pH 

gradient generated by proton pumps across cell membranes.[1] It 

is also critical for developing various artificial systems such as 

artificial photosynthesis,[2] electrodialysis technology,[3] and 

proton exchange fuel cells.[4] However, introducing at least one 

asymmetric factor into the proton pathway (e.g., spatial structure, 

surface potential, and electrolyte media[5]) is the most serious 

obstacle to achieving the unidirectional proton transport. A simple 

and practical example is the combination of cation- and anion-

exchange membranes to impose a pH gradient, as applied in the 

first study on a liquid electrolyte-based proton rectifier device.[6] 

The device structure is best described by an electrolytic analogy 

with p–n diode, wherein protons and hydroxide ions are the 

dominant carrier species instead of electrons and holes. 

Specifically, an asymmetric surface potential is introduced to 

promote ion diffusion driven by the concentration gradient.[7] As 

subsequently discussed in detail, the pH gradient directs the 

diffusion current of protons/hydroxide ions toward the interfacial 

region, which is balanced by the drift current flowing in the 

opposite direction under no applied voltage (Figure 1a). 

Application of a forward bias voltage explicitly promotes both 

proton and hydroxide ion diffusions, which is primarily associated 

with the decrease in the potential barrier (so-called built-in 

potential). In contrast, the reverse bias voltage suppresses the 

diffusions due to the increased potential barrier. 

Compared to the liquid electrolyte-based proton rectifier devices,[5, 

8] the fabrication of all-solid-state devices remains in the nascent 

stage[9] despite their apparent advantages of thin configuration, 

high flexibility, and high safety against liquid leakage. In addition, 

the components of membranes in all-solid-state proton rectifiers 

have been limited to amorphous organic polymers with low 

designability, leading to the difficulty in studying the rectifying 

behavior from a structural perspective. To overcome these 

drawbacks, we adopted structurally defined porous coordination 

polymers (PCPs)[10] as proton conductors[11]. The high 

designability of PCPs, which primarily originates from their 

diverse combinations of metal nodes and organic linkers, enables 

rational control of porous structures with tunable sizes, topologies, 

and surface potentials.[12] In particular, PCPs with high proton 

conduction have been extensively investigated by judicious 

selection of the components, wherein water molecules included 

in the pores serve as proton hopping sites.[13] However, 

unidirectional proton transport has been largely unexplored in 

PCP systems; to date, no PCP-based all-solid-state proton 

rectifiers capable of preventing liquid leakage have been 

fabricated. We selected Cu2(CuTCPP) (H4(H2TCPP); 5,10,15,20-

tetrakis(4-carboxyphenyl)porphyrin) with a two-dimensional (2D) 

square grid structure composed of copper porphyrins and 

paddlewheel-type copper dimers (Figure 1b),[14] because it 

exhibits a high in-plane proton conductivity (3.9 × 10−3 S cm−1 at 

25 °C under 98% relative humidity (RH)) and can be assembled 

into 2D nanosheets.[15] The moderate intersheet interaction 

mainly through van der Waals force provides considerable 

freedom in the stacking manner, which favors the formation of a 

free-standing mem-brane.[16] As a hydroxide ion conductor, Mg-Al 

layered double hydroxide (LDH), with 2D layers composed of 

edge-shared Mg(II) and Al(III) hydroxide octahedra (Figure 1c),[17] 

was selected, because the in-plane hydroxide ion conductivity (1 

× 10−1 S cm−1 at 60 °C under 80% RH) is among the highest 

reported to date, and the 2D layers can be readily exfoliated into 

nanosheets, as in Cu2(CuTCPP).[18] Theoretical calculations 

predicted that guest water molecules energetically prefer to 

transfer protons to immobile hydroxyl sites in Mg-Al-LDH layers to 

generate mobile OH− ions (M(OH)2 + xH2O ↔ M(H2O)x(OH)2−x
x+ + 

xOH−; Figure S1).[19] In this study, free-standing membranes of 

each ion conductor were separately prepared, followed by the 

mechanical fabrication of their heterogeneous membrane, which 

was sandwiched by Pd electrodes. The electrodes can serve as 

proton transmission media and catalysts for water dissociation, as 

discussed subsequently. Particularly, both components with 

layered structures can adsorb a considerable amount of water, 
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which facilitates the integration of solvent-free rectifier devices 

without the risk of liquid leakage. Our device demonstrated an ion 

rectification rate (i.e., the ratio of the forward/reverse bias 

currents) greater than 200, which is the highest among the 

reported all-solid-state H+–OH− rectifiers. 

Results and Discussion 

Purple crystalline Cu2(CuTCPP) nanosheets were obtained 

through a solvothermal reaction as reported previously (see 

Supporting Information for details).[15c] The infrared absorption 

spectrum showed the disappearance of the C=O stretching 

vibration in COOH groups at 1676 cm−1 (Figure S2), indicating 

that the four carboxyl groups of CuTCPP successfully coordinate 

to adjacent copper ions to form dimeric copper paddlewheel 

units.[14] A sheet-like structure is evident in the scanning electron 

microscope (SEM) image with a lateral dimension of 

approximately 3 μm (Figure 2a). The transmission electron 

microscope (TEM) image of Cu2(CuTCPP) deposited by dropping 

the ethanol suspension onto a carbon-coated copper substrate 

exhibited a nanosheet-like morphology (Figure S5). Because the 

Cu2(CuTCPP) nanosheets are well dispersed in ethanol, the 

ethanol suspension was filtered through a polyvinylidene 

difluoride (PVDF) membrane filter to yield a highly oriented 

membrane (see Supporting Information for details). The 

membrane with good flexibility (Figure S6) was readily peeled 

from the filter after drying at 50 °C (Figure 2b). Thicknesses 

ranging from tens to hundreds of micrometers can be controlled 

using different amounts of Cu2(CuTCPP) suspension. The cross-

sectional SEM image (Figure 2c) showed that the membrane is 

formed by stacking the nanosheets, which is consistent with the 

SEM image of the membrane surface (Figure S7). Figure 2d 

shows the out-of-plane and in-plane X-ray diffraction (XRD) 

Figure 1. (a) Changes in potential (V0) in H+ and OH– in a heterogeneous 

membrane by applying forward and reverse bias voltages. (b) 2D sheet 

structure of Cu2(CuTCPP). (c) Layered structure of Mg-Al-LDH(NO3). 

Figure 2. (a) Scanning electron microscope (SEM) image of Cu2(CuTCPP) 

nanosheets. (b) Photograph of Cu2(CuTCPP) free-standing membrane. (c) 

SEM image of the cross-section of the Cu2(CuTCPP) membrane. (d) Out-

of-plane (red) and in-plane (pale red) X-ray diffraction (XRD) patterns of the 

Cu2(CuTCPP) membrane (an asterisk denotes the peak from Si substrate). 

(e) Water vapor adsorption (closed circles) and desorption (open circles) 

isotherms of the pulverized Cu2(CuTCPP) membrane at 298 K. (f) Proton 

conductivity (σ) of the Cu2(CuTCPP) membrane at 25 °C under various RH 

conditions (inset: Nyquist plot under 90% RH). 
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patterns of the membrane. In contrast to the in-plane pattern, the 

out-of-plane pattern is dominated by an interlayer (002) reflection, 

indicating the preferred orientation of the membrane along the 

crystallographic c axis. The interlayer distance of 0.45 nm is 

approximately similar to that reported previously.[15a, 15c] 

Similarly, a white membrane of Mg-Al-LDH(NO3) (NO3
− as a 

counterion in the interlayer space) was obtained by filtering the 

formamide suspension of the nanosheets with a regular 

hexagonal platelet morphology (lateral dimension of 

approximately 4 μm),[20] as observed by SEM (Figure 3a) and 

TEM (Figure S5) images (see Supporting Information for details). 

The membrane, which also exhibited good flexibility (Figure S6), 

was readily peeled off from the PVDF filter after heating at 60 °C 

(Figure 3b). The cross-sectional SEM image confirmed that the 

nanosheets are well oriented in a parallel fashion (Figure 3c), as 

evidenced by the (00l) reflections in the out-of-plane XRD pattern 

(Figure 3d). Water vapor sorption isotherms of the membranes 

were measured to characterize their water adsorption behavior. 

As shown in Figures 2e and 3e, Cu2(CuTCPP) and Mg-Al-

LDH(NO3) membranes have high water vapor adsorption 

capacities of 105 and 484 cm3 g−1, respectively, at P/P0 = 0.92. 

There is no saturated adsorption platform, possibly owing to the 

irregular pore structures.[20] The sorption isotherm hysteresis 

observed in Mg-Al-LDH(NO3) may reflect the possible 

chemisorption of water as described above.[19] As shown in Figure 

2f, the out-of-plane proton conductivity of the Cu2(CuTCPP) 

membrane, which was measured by the a.c. impedance method, 

considerably increases with increasing humidity. This must be a 

reflection of the concentration of water in the pores, which can 

serve as hopping sites for protons originating from the 

uncoordinated carboxylic groups (Figure S1).[22] The Mg-Al-

LDH(NO3) membrane also showed humidity-dependent proton 

conductivity (Figure 3f); however, the conductivity change is less 

pronounced than that of the Cu2(CuTCPP) membrane. The 

presence of hydroxyl groups at higher concentrations than the 

proton species in Cu2(CuTCPP) appears to be a part of the reason 

for humidity-independent conduction. 

To investigate unidirectional ion conduction in the membranes, 

we performed d.c. resistivity measurements using Pd plates as 

electrodes at 25 °C and 90% RH. As shown in Figures 4a and 4b, 

a nearly linear and symmetric current-voltage (I–V) plot was 

observed when only one of the membranes, i.e., Cu2(CuTCPP) or 

Mg-Al-LDH(NO3), was sandwiched by the electrodes. Specifically, 

both membranes exhibited apparent relaxation behavior (Figure 

S12) and significantly reduced the current under dry conditions 

(30% RH; Figures 4a and 4b). These results provide firm evidence 

that ions (i.e., protons and hydroxide ions) instead of electrons 

are responsible for the observed current in such membranes. 

The mechanical combination of the two membranes led to the 

drastic change in the I–V curve. As demonstrated in Figure 4c, 

the heterogeneous membrane displayed a nonlinear and 

asymmetric I–V curve, where the forward bias current starts to 

increase at around 1.0 V. The highly rectified ion transport (623 

μA at a forward bias voltage of +10 V and –2.1 μA at a reverse 

bias voltage of –10 V) clearly indicates unidirectional proton and 

hydroxide ion transport in the heterogeneous membrane. The 

proton rectification ratio (PRR), defined as the ratio of the 

forward/reverse bias current at ±10 V, was estimated to be as high 

as 297. We also characterized unidirectional proton/hydroxide ion 

conduction by applying constant positive and negative d.c. 

voltages to the heterogeneous membrane. Figure 4d clearly 

demonstrates that the current becomes almost constant after 

applying a voltage of ±10 V for approximately 10 s in both the 

forward and reverse directions. The mechanism of the continuous 

supply of protons and hydroxide ions will be discussed later. It 

should be noted that the PRR value estimated from the currents 

in the stable region (approximately 292) is in good agreement with 

that estimated based on the I–V curve.  

To assess the cyclability and reproducibility of the rectification 

performance, I–V measurements were conducted several times 

at intervals of several hours for seven different sets of 

heterogeneous membranes. A typical temporal variation of the 

PRR is shown in Figure 4e. The first scan yielded a very high PRR 

value (344), as shown in Figure 4c; however, the value suddenly 

dropped to 59 in the second scan and remained fairly constant 

(50–82) in the following scan. Given that the membranes 

demonstrated a significant increase in the reverse bias current 

while maintaining the forward bias current in the second scan 

(Figure 4f), the fall-off of the PRR possibly arises from the 

generation of water in the interfacial region between the 

Cu2(CuTCPP) and Mg-Al-LDH(NO3) membranes during the first 

scan, owing to the association of migrated protons and hydroxide 

ions. Actually, we observed water streaks at the interface between 

the membranes after the experiments, which were invisible in the 

Figure 3. (a) SEM image of Mg-Al-LDH(NO3) nanosheets. (b) Photograph 

of Mg-Al-LDH(NO3) free-standing membrane. (c) SEM image of the cross-

section of the Mg-Al-LDH(NO3) membrane. (d) Out-of-plane (blue) and in-

plane (pale blue) XRD patterns of the Mg-Al-LDH(NO3) membrane (an 

asterisk denotes the peak from Si substrate). (e) Water vapor adsorption 

(closed circles) and desorption (open circles) isotherms of the pulverized 

Mg-Al-LDH(NO3) membrane at 298 K. (f) Proton conductivity (σ) of the 

Mg-Al-LDH(NO3) membrane at 25 °C under various RH conditions (inset: 

Nyquist plot under 90% RH). 
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heterogeneous membrane placed at 25 °C under 90% RH for 2 

days without applying a bias voltage (Figure S13). The generation 

of water molecules consequently increases the reverse bias 

current because of the increased ion carrier concentration via 

water dissociation.[3b] A similar behavior was observed in the other 

six heterogeneous membranes, as shown in Figure S15 and 

Table S1, where the PRR values after the second scan lie in the 

range of 40–80. We note that five out of seven heterogeneous 

membranes presented a PRR value higher than 200 in the first 

scan, although the value varied considerably between the 

samples (35–922). The PXRD measurements revealed that the 

structure of each membrane was mostly intact during the 

rectification experiments (Figure S16).  

As mentioned above, the operating principles of proton rectifiers 

are analogous to those of p–n diodes (Figure 1a). Because 

considerable amounts of protons and hydroxide ions are 

accommodated in the Cu2(CuTCPP) and Mg-Al-LDH(NO3) 

membranes, respectively, the resulting pH gradient promotes the 

diffusion of protons in the Cu2(CuTCPP) membrane and 

hydroxide ions in the Mg-Al-LDH(NO3) membrane toward the 

interfacial region, even under no applied voltage. The 

recombination of protons and hydroxide ions generates water, 

and the neutralized interfacial region (termed as the depletion 

layer) leads to current ceasing. Applying a forward bias voltage 

(i.e., Cu2(CuTCPP) facing the anode) further promotes the ion 

diffusion of both protons and hydroxide ions toward the interfacial 

region, which is a factor dominating the observed current. The 

water electrolysis reactions at the boundary between the 

membrane and Pd electrode, i.e., water oxidation (2H2O → O2 + 

4H+ + 4e−) on the anode side and reduction on the cathode side 

(2H2O + O2 + 4e− → 4OH−), presumably occur continuously to 

supply protons and hydroxide ions to the membranes (right panel 

of Figure 4g). In the opposing mode (i.e., Cu2(CuTCPP) facing the 

cathode), the reverse bias increases the potential barrier for both 

protons and hydroxide ions, which suppresses ion diffusion driven 

by the concentration gradients. Eventually, protons and hydroxide 

ions are directed toward the cathode and anode sides, 

respectively. In the reverse bias mode, the dissociation of water 

accommodated in the interfacial region possibly generates 

protons and hydroxide ions (left panel of Figure 4g). The reverse 

bias current must be significantly low because of the low 

dissociation rate despite the generation of water in the interfacial 

region during the first scan, which appears to increase the reverse 

bias current. 

To date, a few all-solid-state H+–OH− rectifier devices have been 

fabricated using heterogeneous junctions of proton-conducting 

and hydroxide ion-conducting membranes. An early example is 

the work of Seno and Yamabe in 1964; acid- and base-washed 

ion-exchange resins were used after soaking in water (water 

weight: 56%). They demonstrated that a PRR value of 

approximately 100 was attained in a humidity-controlled 

chamber.[9a] In 2013, Rolandi et al. reported the rectifying 

behavior of a heterogeneous membrane composed of maleic and 

proline chitosan films, which presented a PRR value less than 10 

under 75% RH and 5% H2 gas atmosphere.[9d] It should be noted 

that our all-solid-state H+–OH− rectifier device mainly 

demonstrates three advantages over those in the previous 

studies: (1) high rectification ratio (PRR > 200), (2) high 

designability, and (3) well-defined structure of the device 

components. In addition, the facile operating conditions (i.e., 90% 

RH), without soaking in water prior to the performance or using 

flammable H2 gas, render it particularly suitable for several 

practical applications. Notably, both membranes used in this 

study remained intact upon prolonged immersion in water (Figure 

S17). Chemical characteristics of PCPs, such as proton 

concentration (i.e., pKa), proton mobility, and 

hydrophilicity/hydrophobicity, can be modified by selecting metal 

ions and organic linkers while maintaining the basic framework 

structure.[13] Given that their structures can be evaluated 

appropriately by diffraction techniques in contrast to the organic 

Figure 4. I–V plots of single membranes of (a) Cu2(CuTCPP) and (b) Mg-Al-LDH(NO3) at 25 °C under 30% RH (pale red/blue circles) and 90% RH (red/blue 

circles). (c) I–V plot of Cu2(CuTCPP)/Mg-Al-LDH(NO3) heterogeneous membrane at 25 °C under 30% RH (pale brown circles) and 90% RH (brown circles). (d) 

Time dependence of current of the heterogenous membrane under applied voltages of +10 V (forward bias; green circles) and –10 V (reverse bias; orange 

circles). (e) Sequence-dependent proton rectification ratio (PRR) of the heterogenous membrane. (f) Relative forward (green circles) and reverse currents 

(orange circles) as a function of the number of scans (x) with respect to those in the first scan (Ix / I1). (g) Schematics of ion generation in the heterogeneous 

membrane under reverse and forward bias conditions. 
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polymers used in earlier studies, the present system is evidently 

a promising platform for studying the structure–property 

relationship to develop all-solid-state H+–OH− rectifiers. 

Conclusion 

In conclusion, we fabricated an all-solid-state proton rectifier by 

the facile mechanical lamination of two free-standing membranes; 

namely, a proton-conducting PCP, Cu2(CuTCPP), and hydroxide 

ion-conducting LDH, Mg-Al-LDH(NO3). The I–V characteristics 

provide a rectification ratio as high as > 200 at 25 °C under 90% 

RH, which is the highest recorded value. In addition to the 

remarkable performance under electrolyte-free conditions, the 

present heterogeneous membrane has the potential to modify 

and control the water permeability, H+/OH− mobility, and pKa in 

the pores, which noticeably affect the rectifying behavior, by 

selecting components such as metal ions and organic linkers. 

These results will open the way for the exploration of new and 

more advanced all-solid-state proton rectifiers through rational 

design. Studies along this line are in progress. 
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An all-solid-state proton rectifier was fabricated using a heterogeneous membrane composed of proton-conducting coordination 

polymer, Cu2(CuTCPP), and hydroxide ion-conducting layered double hydroxide, Mg-Al-LDH(NO3). The device demonstrated a 

proton rectification ratio greater than 200, which is the highest among the reported all-solid-state H+–OH− rectifiers. 


