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The flow of protons is vital in biology, driving natural processes like the production of adenosine 

triphosphate (ATP) (1). Micro-scale fluctuations in pH can provide insight into neural activity 

and regulate cellular activity (3, 4),  and antibiotics like gramicidin destroy cells by conducting 

protons across a cell membrane (2).  However, modern electron-based devices are forced to 

use only the subset of biochemical reactions that can be controlled by electron motion. I have 

researched a broad variety of protonic systems, with the aim of enabling a direct interface 

between protons and electrons.  Throughout, I utilize palladium hydride (PdH) as a proton-

electron transducer.  In this work, I present my efforts to measure and control the flow of 

protons. I have developed a protonic toolset, with devices ranging from complementary 

transistors to depletion-based memory devices.  In addition, I present new understandings of 

the PdH-material interface, and characterize a novel protonic material.  In addition, I describe 

initial efforts to create artificial carbon nanotube based protonic devices. These results 

represent new opportunities for the measurement and control of protons in bioelectronics. 
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1. INTRODUCTION 

1.1 The Potential of Protonics 

Proton and ion conducting devices have the subject of considerable reseacrh in the last decade.  

These devices represent a new way to translate from the ionic language of biology to the 

electronic language of circuitry.  After billions of years of evolution, natural systems possess 

incredible arrays of sophisticated chemical and electrical capabilities that frequently surpass 

modern engineering (5).  As an example, the brain of a rat has an effective computational 

capacity of 78 teraflops, while the IBM Blue GeneL supercomputer has 92 teraflops – and rats 

are significantly cheaper (6).   

Significant research has been devoted to the Organic Electrochemical Transistor (OECT) (7).  

These devices make use of PEDOT, an ion-conductive polymer.  In the device, the 

electrostatically gated flow of ions into and out of a PEDOT channel changes the charge carrier 

density and device conductivity.  Complementary doping of the PEDOT allows the creation of 

pn junction devices (8).  The use of electrolyte solutions as source and drain electrodes allows 

the injection of these ions into specific regions of cell cultures, allowing the delivery of 

biochemical signaling molecules with 50µm accuracy (9). 

Separately, carbon nanotubes (CNTs) have been used as sensitive bioelectronic sensors.  In one 

demonstration, the Noy group covered a CNT with a lipid bilayer.  Proton-pumping proteins are 

embedded in the layer, and when they are activated the resulting solution charge changes the 

surface charge of the CNT (10).  Separately, the Noy group has demonstrated that CNTs can 

conduct protons, and might be used as artificial membrane pores (11).   
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In nature, protons serve myriad functions.  The flow of protons across a mitochondrial 

membrane drives the production of ATP, the biological energy currency (1).  Micro-scale 

fluctuations in pH can provide insight into neural activity and regulate cellular activity (3, 4).  In 

turn, antibiotics like gramicidin destroy cells by rapidly conducting protons across a cell 

membrane (2).  Several natural materials conduct protons, including melanin (12), reflectin 

(13), and bovine serum albumin (14).   In particular, this thesis is built off of pioneering efforts 

by Chao Zhong, Yingxin Deng, and the Rolandi research group, who demonstrated the first 

protonic device (15), and I gratefully acknowledge their efforts.  Nature’s control of proton 

motion is admirable, and replicating it may open new frontiers for biomedical research. 
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2.  BACKGROUND INFORMATION 

2.1 The Grotthuss Mechanism for Proton Conduction 

 

Figure 2.1.1.  Protons conduct across chains of hydrogen-bonded water molecules 

(‘water wires’) through either of two mechanisms.  Left: an extra H+ attaches to an H2O, 

forming H3O+.  Under an applied bias, the hydrogen bond and covalent bond between 

adjacent molecules swap, effectively causing the H3O+ to move one molecule to the 

right – a single ‘hop’. Repeated hops lead to continuous conduction.  Before conducting 

another proton, a rotational step returns the wire to its initial state.  Right: an H+ 

detaches from an H2O, leaving OH-.  Conduction then follows a similar hopping 

mechanism in the reverse direction.   

Proton conduction in gramicidin or other water chains occurs by the Grotthuss mechanism.  

First proposed in 1806 by Theodor Grotthuss, this mechanism gives protons a conductivity 6-7 

times higher than Na+
 in water (16).  Protons in a bulk solution do not exist as free H+, instead 

bonding with a water molecule to form H3O+.  Most water molecules form hydrogen bonds with 

their two neighboring molecules.  These hydrogen bonds can swap with the covalent bond of 
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the H3O+, transferring the extra proton to the neighboring molecule (Figure 2.1.1). Chains with 

an OH- also conduct protons by a similar mechanism of hopping.  In a solution, these networks 

are random, with only short-range ordering that is insufficient to allow rapid transit.  However, 

the regular lattice of ice can provide the requisite long-range hydrogen bond networks for 

proton conduction as observed by Eigen and DeMaeyer (17).  They model this system as a 

semiconductor, with H+ and OH- transport analogous to electron and hole transport in silicon. 

2.2 Proton Conduction in Biomaterials 

In aqueous solutions, the ordering of hydrogen bond networks does not have a long enough 

range to allow significant Grotthuss transfer. The effective diffusion constant for protons in bulk 

water is 40 times smaller than that of an ordered water chain (18). However, the regular 

structure of a long biopolymer allows the formation of a long-range hydrogen bond network 

connecting with the –OH groups on the polymer backbone (19) (Figure 2.2.1).  As previously 

demonstrated in biopolymers like keratin and collagen, this allows for proton conduction by the 

Grotthuss mechanism at room temperature (20, 21).  In addition, acid and base groups on the 

polymer can donate or accept protons from this solution, extending the semiconductor 

comparison from ice to include complementary doping. 
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Figure 2.2.1. OH groups on a polymer provide a natural framework for the formation of 

a long-range hydrogen bond network.  Water molecules are typically supplied from 

atmospheric hydration. Acid groups (-COOH termination) can act as proton donors. 

 

2.3 Palladium Hydride as a Protonic Contact 

Palladium Hydride (PdHx) is a robust material that acts as a source of protons through the 

reaction (22): 

𝑃𝑑𝐻 → 𝑃𝑑 +  𝐻+ +  𝑒−  (2.3.1) 

Here, a PdH unit splits into its constituent pieces at the surface of the PdHx contact (Figure 

2.3.1).  The reaction injects an H+ into the surrounding material, while the e- travels back 

through the contact.  Since the flow of H+ and e- is equal, measuring the e- current with 

conventional electronics reveals the H+ current in the channel.  The process can support a 

steady-state current as long as hydrogen is resupplied by diffusion from the bulk material and 

absorption of hydrogen gas from the atmosphere.   



12 
 

  

Figure 2.3.1.  PdH can split into Pd, H+, and e-.  The H+ travels through the channel as 

protonic current.  An equal e- current travels through external circuitry, and is measured 

by conventional electronics.   

 

Figure 2.3.2.   The applied partial pressure of hydrogen determines the stoichiometric 

ratio x of PdHx (23). PdHx transitions from an α phase to a β phase at pH2 = 0.02atm.  

After this transition, x is effectively stable with pressure: doubling the pressure from 

0.05atm to 0.10atm increases x by only 0.03. 

H in the bulk PdHx is supplied by the absorption of hydrogen gas, H2.  A computerized gas 

control system supplies H2 gas in a controlled ratio, typically at 5% relative concentration (pH2 = 
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0.05atm).  The contacts begin as Pd, and naturally absorb the H2 gas to form PdHx. The partial 

pressure of H2 sets the stoichiometric ratio x (23) (Figure 2.3.2). For pressures above 0.02atm, 

this equilibrium is inherently stable, with a pressure dependence of: 

𝐿𝑜𝑔10(𝑝𝐻2) ≈ 10 ∗ [𝐻/𝑃𝑑] − 7.1   (2.3.2) 

Standard metal evaporation and liftoff is used to fabricate these contacts.  In this process, a 

lithographically patterned photoresist is coated with metal in an e-beam evaporator.  Dissolving 

the photoresist leaves metal only where the photoresist was not present.  Ultraviolet contact 

lithography allows 1µm photoresist features, while e-beam lithography allows for features as 

small as 10nm. 

 

Figure 2.3.3.  Two simple control experiments allow easy proof of proton conductivity 

(15).  The electron conductivity of the sample is measured by removing the hydrogen 

gas to prevent the formation of PdHx.  Similarly, supplying only dry gas prevents the 

formation of water wires, eliminating the proton conductivity of Nafion and revealing 

any stray conduction paths. 
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PdHx contacts also allow facile control experiments.  H2 is required for the contacts to supply a 

proton current, so excluding the gas allows the measurement of only the electron conductivity 

in a material (figure 2.3.3).  To ensure that the hydrogen gas is not causing electron 

conductivity, I fabricated devices with Au instead of Pd.  Au does not conduct protons, so any 

increase in current would indicate hydrogen-induced electron conductivity. Typically, I observe 

proton/electron current ratios greater than 400 (15). 
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3.  RESEARCH TOPICS 

3.1 High Protonic Current Density in Nafion Devices 

Reproduced with permission from Advanced Materials 

I have demonstrated that protonic devices with a Nafion channel can display memory behaviors 

that partially emulate the function of synapses in the brain. With the recent physical 

demonstration of memristive-based devices, (24, 25) low-power two terminal devices with 

memory (26) and learning functions have advanced electronics and neuromorphic computing 

(27-32). In neuromorphic computing, CMOS and transistor circuits (33-35) are designed to 

mimic architectures in the brain and synaptic connections between neurons whose conductivity 

is influenced by prior events (36). In memristive devices, typically slow moving ions are coupled 

with fast moving electrons (37, 38). Ionic motion affords memory, with electronic current as the 

output signal (38). In this work, I introduce fully ionic two- terminal devices in which protons 

provide both memory and output signal. These devices exhibit synaptic-like reversible short-

term depression, device memory, and are turned “ON” and “OFF” with as little as 30 nJ of 

energy per bit.  

In a chemical synaptic connection, neurotransmitters are released from the pre-synaptic 

neuron into the synaptic cleft upon arrival of an action potential (Figure 3.1.1a). These 

neurotransmitters diffuse across the synaptic cleft, couple with the receptors in the post-

synaptic neuron, and trigger a subsequent action potential in the post-synaptic neuron.  After 

firing, the pre-synaptic neuron runs out of neurotransmitters to release into the synaptic cleft 

upon the arrival of a subsequent action potential. As a consequence, the action potential is not 

transmitted to the post-synaptic neuron. This temporary interruption of the synaptic 
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connection is referred to as short -term depression (STD) (36). STD is an important form of 

signal modulation in the brain.(39)  In the protonic two-terminal device (Figure 3.1.1b, c), 

palladium hydride (PdHx) source and drain contacts inject and drain protons (H+) into and from 

the Nafion. (15, 22, 40, 41) For each H+ injected into the Nafion, an excess electron is collected 

by the leads, which complete the circuit. The source and drain contacts in the protonic two-

terminal devices are analogous to the pre- and post- synaptic neurons in a chemical synapse.   

Nafion is a proton-conducting and electron insulating polymer widely used as proton exchange 

membrane in fuel cells, with a proton conductivity of 0.078 S cm-1 (42-44). An applied voltage 

(VSD) causes an H+ current (ISD) to flow between source and drain contacts in the protonic device 

(Figure 3.1.1d). This current depletes hydrogen from the PdHx source wherever it is in direct 

contact with the Nafion. This depletion creates a hydrogen concentration gradient in the PdHx 

and a subsequent diffusion flux inside the contact. For low current densities, the diffusion flux 

in the PdHx, the absorption of hydrogen from the H2 atmosphere, and ISD balance out and the 

PdHx contacts effectively function as protodes -- the protonic equivalent of electrodes (15, 22, 

40, 41). For higher current densities, as in the Nafion channel, a region of the source contact 

fully depletes of hydrogen to form Pd. Pd can no longer inject H+ in the Nafion and ISD decays as 

a function of time. As a result, a VSD pulse produces a spike in ISD as the contact depletes (Figure 

3.1.1d). This type of transient behavior has previously been observed in PdHx reversible 

electrodes in contact with an acidic solution (45). 
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Figure 3.1.1. Synaptic behavior of protonic devices. (a) Synaptic transmission in a 

chemical synapse. Orange neurotransmitter receptor ion channels are open due to 

binding of released neurotransmitters.  (b) Protonic device. A voltage (VSD) is applied 

across two PdHx contacts separated by proton conducting Nafion. A H+ current (ISD) 
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flows from the source (left) to the drain (right).  This H+ current depletes the PdHx 

source of hydrogen to form Pd (not proton conducting) and the protonic device is 

depleted. (c) Microscope image of a PdHx-Nafion protonic device. Lithographically 

patterned source and drain contacts 30 µm wide are separated by a 1 µm gap.  In device 

(f), the Nafion deposition on the source contact is limited to an area 11µm x 30 µm with 

SU-8.  (d) Plot of current (ISD) as a function of time for a protonic device 30 µm wide by 

500 µm long (e) Current spike behavior (VSD= 1 V) for protonic devices as a function of 

PdHx contact thickness. (f) ISD dependence on VSD and ISD at t = 0s. Contact is 10 nm thick 

PdHx.   

 
The reduction in signal transmission strength after a pulse for the protonic device closely 

resembles the short-term depression (STD) plasticity of a biochemical synapse. In a biochemical 

synapse, depletion of neurotransmitters from the presynaptic neuron results in no signal 

transmission across the synaptic cleft. Here, in close analogy to the biochemical synapse, 

depletion of hydrogen from the PdHx source results in no H+ current across the device upon 

arrival of a subsequent voltage pulse. Similarly to STD, waiting a determined period of time (300 

s) restores the initial behavior as the source contact replenishes hydrogen from the 

atmosphere. To corroborate this picture, I fabricate protonic devices with PdHx contacts of 

varying thicknesses (Figure 3.1.1e). Thinner contacts deplete faster than thicker ones due to an 

overall lower amount of hydrogen available in the PdHx to be injected in the Nafion as H+. 

Thicker contacts (30 nm and 10 nm) result in comparable device ISD, while 5 nm PdHx contacts 

show lower ISD most likely due to reduced contact quality. Contacts with an equivalent 

thickness of Au, but no PdHx (0 nm), result in little or no current as expected.  As discussed in 
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section 2.3, Au is an excellent electronic conductor for source and drain contacts, but cannot 

inject H+ into the Nafion. A protonic device with limited contact area between the PdHx and the 

Nafion (Figure 3.1.1f) affords switching speeds of 25 ms with an on-off ratio of approximately 

100. The switching speed of the protonic device is comparable to the switching speed of a 

biological synapse (46).  The switching speed depends on VSD. For a Nafion channel with fixed 

resistance, a larger VSD results in higher ISD and faster source contact depletion (tspike). In these 

devices, VSD is limited to ≤ 1.3 V to avoid water electrolysis.   For a given contact volume, I 

assume that the PdHx source contains a fixed amount of H and the contact is fully depleted 

when all of the H travels across the device channel as H+.  To confirm this observation, the total 

amount of charge (Q) flowing across the Nafion channel during an ISD spike is calculated as 

𝑄 =  ∫ 𝐼𝑆𝐷𝑑𝑡
𝑡 = 𝑡𝑠𝑝𝑖𝑘𝑒

𝑡 = 0
                (eq. 3.1.1) 

Integrating ISD as a function of time gives the total number of H+ ions that flow across the 

channel, and therefore the total number of H atoms stored in the contact.  The measured Q is 

constant as a function of VSD and increases with PdHx thickness. The conservation of charge as 

calculated in Equation 3.1.1 means that a larger ISD results in a shorter tspike. For the same VSD, 

ISD depends on channel resistance, which is linearly depended on channel length. A device with 

a 3 µm channel length has ISD = 4 µA and tspike =1.5s, while an equivalent device with a 1 µm 

channel has ISD =15 µA and tspike = 0.6 s.  Devices with a shorter channel, and thus lower channel 

resistance, are expected to show a higher ISD for the same VSD, and a faster tspike. Overall, the 

STD behavior observed in the two-terminal protonic devices (Fig. 3.1.2d) is qualitatively similar 

to the STD behavior of a chemical synapse. Chemical synapses, however, also exhibit short-term 

potentiation and resulting spike timing dependence, which are both important for signal  
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Figure 3.1.2. Memory behavior of a protonic device. (a), (b), (c) Schematic side views of 

protonic devices showing proton depletion and reuptake in the source contact. (a) ON 

state. (b) OFF state after a VSD pulse and resulting ISD spike depletes the PdHx source of 

hydrogen to form Pd. (c) RESET. A negative VSD injects H+ back into the source to form 

PdHx and restores the devices from depression. (d), (e), (f), (g) Optical images of a PdHx 

source in a sandwich device fabricated on glass. Lighter areas are PdHx and darker areas 

are Pd. (d) VSD = 0 V. (e) VSD =1.25 V. (f) VSD = -1.25 V. (h) Demonstration of ON and OFF 

switching in an analogous micro device. Three positive SET pulses (VSD =1.25 V, 0.25 s) 

and a negative RESET pulse (VSD = -1.25 V, 0.25 s) were applied. (i) I-V curve for a micro 

device, showing the hysteresis in the PdHx-Nafion system. 
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transmission in the brain (39). Short-term potentiation and spike timing dependence are not 

observed in the present configuration and are not the focus of this work, but may be achieved 

in the future by pre-loading H in the PdHx source with a VSD pulse.  

In this work, I instead focus on the potential of creating a two-terminal device memory with 

reconfigurable “ON” and “OFF” states (Figure 3.1.2). A protonic memory in the ON state (Figure 

2a) conducts ISD continuously with a small VSD applied (Figure S3). A positive VSD = 1.25 V turns 

the protonic memory OFF (Figure 2b). A reverse VSD = -1.25 V injects H+ back into the source 

contact to reform PdHx and RESETs the memory to the ON state (Figure 2c). To observe this 

process, I fabricate sandwich devices on transparent glass supports and image the source 

contact in the different memory states under an optical microscope (Figure 2 d, e, f, g) (47). 

Upon hydrogen absorption from the H2 atmosphere, the source contact changes color from 

metallic Pd to white PdHx (Figure 3.1.2d).  A positive VSD pulse depletes the PdHx of hydrogen, 

and the PdHx returns to metallic Pd as seen in the OFF state device (Figure 3.1.2e).   When the 

device is RESET, hydrogen is loaded as H+ from the Nafion channel back into the source contact 

to form white PdHx (Figure 3.1.2f). This reloading is analogous to reuptake in neuronal synapses, 

which can actively pump the unused neurotransmitter back into the presynaptic neuron for 

reprocessing and re-release following a later action potential (39, 48). Memory cycling is 

demonstrated from the ISD output of a protonic device (Figure 3.1.2h) with the same structure 

as the one described in Figure 3.1.1.  The magnitude and the time duration of the ISD spike 

resulting from the RESET VSD pulse are the same as the magnitude and the time duration of the 

ISD spike for the ON-OFF VSD pulse. This signifies that a fixed amount of hydrogen is shuttled 

between the source and drain contacts in the form of an H+ current in the Nafion (ISD). It is likely 
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that the ON-OFF cycle does not increase the concentration of H in the drain contact to x> 0.6. 

As described in equation (2.3.2), the equilibrium pressure of H2 increases exponentially when x 

is larger than 0.6 (23). It is therefore likely that additional hydrogen added to a contact that 

already has x=0.6 diffuses into the atmosphere instead of increasing the hydrogen loading of 

the PdHx. Cycling the protonic device by applying a 2 Hz, 1 V sine wave to VSD confirms the 

device characteristics with a clear hysteresis between the ON and OFF states (Figure 3.1.2i). ISD 

is the same in either direction, which is similar to unipolar resistive switching (49). Cycling is 

performed 22 times, indicating reasonable reproducibility. For  VSD= 0 V and increasing, the 

device is in the ON state, turning OFF at up to VSD= 1V.  In the OFF state, the source contact is 

fully depleted of H and is no longer capable of injecting H+ into the Nafion channel. The device 

stays OFF for VSD> 0 until the polarity of VSD is reversed. A device in the OFF state for VSD> 0 V is 

in the ON state for VSD < 0 V, because the PdHx drain contact is not depleted of H. A VSD< 0 V 

depletes the drain contact of H and the device eventually turns OFF for VSD = -1 V. At the same 

time, VSD < 0 V moves H+ back into the source contact.  This replenishes the H in the PdHx 

source and puts the device is in the ON state for VSD > 0 V. The state of these devices is 

governed by the amount of charge flux that has gone through the device, specifically the 

amount of H+ that is shuttled back and forth in the Nafion channel.  As such, these protonic 

devices have similar characteristics to memristors with the charge flux being the state variable 

(24, 25). In these devices the protons both regulate the state of the device and provide the 

output signal, unlike most memristors where ions control the state of the device and electrons 

are the output signal (24, 25). However, in these protonic devices the hysteresis loop is not 

pinched with zero crossing, as is characteristic of memristors. The behavior of the protonic 
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devices can be qualitatively described as two memristive diodes (the source and drain contacts) 

arranged back to back. However, further work is necessary to develop a full analytical 

description of the device characteristics, some portion of which is described in section 3.4. 

 

 
 

Figure 3.1.3. Protonic device modeling. (a) Simplified schematic of the device for 

simulation. (b) Device current. (c), (d) Simulated H concentration for PdHx source for t=5 

ms, and t=50 ms respectively. For t=0s, x is set to 0.6 throughout the contact.  

To better illustrate the workings of protonic devices, I developed a simple one-dimensional 

physical model (Figure 3.1.3).  In this model the diffusion flux (JH) of hydrogen inside the PdHx 

contact follows Fick’s first law of diffusion and conservation of mass. For this simple model, I 

neglect any exchange of hydrogen between the PdHx and the surrounding H2 atmosphere. 
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Assuming continuity across the PdHx Nafion boundary, I postulate that the current of H+ in the 

Nafion channel (ISD) is equal to JH in the last PdHx cell in contact with the Nafion times the 

charge of a proton (e) and the contact area of the device (A). Therefore, the hydrogen diffusion 

in the PdHx is driven by the induced electric drift of H+ from the contact-Nafion interface and 

along the Nafion channel, in a fashion similar to the transfer of H+ to an acidic water solution in 

the palladium hydrogen reversible electrode (45). This model does not include any trap states, 

(45) or the accurate 2D device geometry, which likely affect the ISD characteristics in the 

experimental protonic devices. Nonetheless, by setting ISD= 0.2 μA for t=0 I reproduce a ISD time 

dependence (Figure 3.1.3c) that is consistent with the experimental results of the faster 

protonic devices (Figure 3.1.1f). This model provides insights in the spatial dependence of the 

hydrogen concentration (x) in the PdHx - source contact (Figure 3.1.1c, d) at different time 

points. As expected, a hydrogen-depleted region of Pd grows with time in the source contact 

and results in a smaller ISD when the device is eventually turned from the ON to the OFF state. 

Further refinement of this model is necessary to quantitatively replicate the full device 

characteristics. A consequence of the simple diffusion based characteristics of the protonic 

devices is the potential for ultra-low power computing. Current devices (Figure 3.1.1f) with 

micron size contacts are limited to ca. 30 nJ of energy per switching event, based on the 

amount of hydrogen stored within the contact. I estimate that a protonic memory device with 

20 nm wide contacts may use as little as 30 fJ per operation, which is two orders of magnitude 

smaller than the energy used by a natural synapse (1pJ). 
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Experimental Details 

Protonic micro devices are fabricated on p-type Si (Addison Engineering, B-doped, ρ = 0.001 

ohm cm-1) with thermally grown silicon oxide (100 nm). Standard photolithography is used to 

define the metal contacts. Pd (thickness from 1nm to 30 nm) with a 15 nm Cr adhesion layer is 

deposited via e-beam evaporation. To ensure consistency, contacts are kept at a 100 nm total 

thickness by adding Au between the Cr and Pd layers as needed. SU-8 is used to confine the 

Nafion covered area. 2 μL of  Nafion 117 solution (5% concentration) from Sigma Aldrich is 

drop-cast on top of the patterned silicon wafer and the solution is dried in a fume hood. For 

protonic sandwich devices, Pd (50 nm) is evaporated on glass slides with 5 mm contacts defined 

by shadow masking with tape. A porous cellulose membrane (VWR Tissue Wipe) immersed in 

the Nafion solution is sandwiched between the two Pd contacts. The cellulose membrane 

prevents short circuit and improves the connection. Measurements are performed with a 

semiconductor parameter analyzer (Agilent 4155C). A Rigol DG4062 function generator is used 

to create a pulse sequence and sinusoidal inputs. Device testing is performed on a Signatone H-

100 probe station in a controlled atmosphere of 5% H2, 95% N2, at 75% relative humidity (RH). 

In 5% H2 atmosphere, Pd absorbs H2 to form PdHx (x=0.6) (15, 22, 40, 41).  A finite difference 

model implemented in Matlab is used to calculate the diffusive flow of H within the contact. 

The simulated contacts are 30 µm wide by 10 nm thick, and are partitioned in 10 nm segments 

along a total contact length of 60 µm. DH =  4 x 10-11 m2 s-1
 (45).  Simulations are performed by 

repeating a two-step algorithm.  First, the momentary inter-cell fluxes are computed based on 

the existing concentration in each cell.  Second, the time is incremented by 1 µs, and new cell 

concentrations are computed from the given fluxes and conservation of mass.  
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3.2 Protonic Field Effect Transistors 

Reproduced with permission from Nature Communications 

As described in section 1.1, proton (H+) conduction plays a key role in nature (50). Examples are 

oxidative phosphorylation of ATP for biological energy conversion in mitochondria (51, 52), the 

light activated proton pumping of bacteriorhodopsin in Archaea (53), proton activated 

bioluminescence in dinoflagellates (54), proton activated flagella in bacteria (55), the HVCN1 

voltage gated proton channel in mammals (56), and the antibiotic Gramicidin (57). All of these 

systems use the Grotthus mechanism (58) of proton conduction decribed in section 2.1 (59, 60). 

These proton wires also support the transport of a proton vacancy, or proton hole, as OH-  (61). 

Discriminating between H+ and OH- transport with electrophysiological measurements is 

difficult because H+ and OH- have the same Nernst potential (62). 

In this work, I build on the exciting demonstration of a proton conducting field effect transistor 

(H+-FETs) as described by C. Zhong et. al. (15).  Here I report proton-conducting devices with 

polysaccharide supported proton wires that are designed to preferentially conduct either H+ or 

OH-, as proton holes. The conductivity in these devices follows a model for proton 

semiconductivity proposed in 1958 by Eigen and de Maeyer (17). I demonstrate a H+ - OH- 

rectifying junction and H+-type and OH--type complementary FETs. With gate control of the 

current, these FETs unequivocally discriminate between H+ and OH- conductivity and confirm 

that proton wires support the conduction of OH- as a proton hole. 
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Figure 3.2.1. Complementary protonic biopolymers. (a) PdHs contacts in an FET 

configuration.  The gate electrode is used to electrostatically modulate the charge 

carrier density in the channel. (b) Molecular structure of the H+-type proton conductor 

maleic chitosan. (b) Molecular structure of the OH−-type proton conductor proline 

chitosan. The degree of substitution, defined as q/n + m, determines the doping level.  

Device Architecture and Materials.  

This experiment used standard PdHx contacts in an FET configuration (Fig. 3.2.1a).  As described 

in section 2.3, PdHx contacts will inject and drain protons into and from the proton-conducting 

channel, effectively serving as protodes (15, 22, 40). The contacts and the proton-conducting 

channel are insulated from the back gate by a SiO2 (100 nm) dielectric layer. The proton-

conducting channel is either maleic-chitosan (poly (β- (1,4)-N-Maleoyl-D-glucosamine)) (Fig. 

1b) or proline-chitosan (poly (β- (1,4)-N-proline-D-glucosamine)) (Fig. 3.2.1c). These 

biopolymers are both derived from chitin and are of particular interest for developing future 

devices for bioelectronic applications.  The synthesis of these materials was performed by  
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Figure 3.2.2 Band structure of protonic biopolymers. (a) A wire with no H+ or 

OH− defect does not conduct. The band gap is defined as the energy required to 

create a H+OH−pair (proton-proton hole) and is derived from the Egap = ΔG0′ = −kBT ln 

Kw = 0.83 eV (the Gibbs-Helmholtz equation). (b) For an intrinsic proton wire, the 

protochemical potential uH+ is in the middle of the band-gap. The H+ is not completely 

delocalized along the conduction quasi band. Hopping barriers of approximately 100 

meV need to be overcome for conduction to occur. (c) An acid donates a H+ into the 
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conduction band of a proton wire to yield a H+-type protonic conductor. Ed = ΔG0
a = 

−kBT ln Ka, Ka is the acid dissociation constant. The maleic acid group pKa (-log Ka) = 

3.2, which corresponds to Ed = 0.18 eV. (d) A base accepts a H+ to create a 

OH− (proton hole) in the valence band of a proton wire to yield a OH−-type protonic 

conductor. Ea = ΔG0
b = −kBT ln Kb, Kb is the base dissociation constant. The proline 

base pkb (-log Kb = 3.4), which corresponds to Ea = 0.20 eV. For both H+ type and 

OH− type the protochemical potential is μC
H+ = eV0 + µ0+ kBT ln aH+ where aH+ is the 

activity of H+. 

Yingxin Deng. Chitin and most of its derivatives are biodegradable, nontoxic, and physiologically 

inert and are used in bionanotechnologies (63-65). Maleic-chitosan and proline-chitosan 

include several hydrophilic groups that participate in hydrogen bonding with water condensed 

from a humid atmosphere (20% w/w MC and 15% w/w PC at 75% RH) (SI). The resulting chains 

of hydrogen bonds form proton wires (19, 52, 59) along which protons hop according to the 

Grotthuss mechanism, as described in section 2.2. 

A Model for Proton (H+) and proton hole (OH-) conductivity.  

In 1958, Eigen and de Maeyer proposed a phenomenological description of proton conductivity 

in ice analogous to electron conductivity in a semiconductor (17).  Ice is a water hydrogen 

bonded system that is made of proton wires similarly to protein membranes and the hydrated 

biopolymers used in this work.(17, 19, 52, 59)  A proton wire without any H+ or OH- charged 

defects does not conduct unless an excess charge is injected from the contacts (Fig. 3.2.2a).  

The charge carriers (protons) are distributed between a “valence band” (H-bonded H2O) and a 
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“conduction band” (excess protons fluctuating in hydrogen bonds). Protons are not delocalized 

along the proton conduction band, but are separated by potential barriers (Fig. 3.2.2a). These 

barriers represent the potential barrier for the proton to transfer from one molecule to the 

next. The height depends on the precise molecular structure, and is typically of the order of 100 

meV. I define the protonic “band gap” as the energy required to create a H+ (proton) and OH- 

(proton hole) pair in the proton wire (Fig. 3.2.2b). I derive this energy from the Gibbs Helmholtz 

equation and the dissociation constant of water (Kw) as  

Egap = ΔG0=-kBT ln Kw  = 0.83 eV.  (3.2.1) 

 This value for the protonic “band gap” is similar to the activation energy measured for proton 

conducting biopolymers (20, 21), and remarkably close to the band gap of traditional electronic 

semiconductors such as Si (1.1 eV) or Ge (0.76 eV). Not unlike Si and Ge, the conductivity of 

most intrinsic biological protonic conductors at room temperature is low (66). 

To increase the conductivity of the proton wire, doping is used to introduce H+ and OH- (proton 

hole) charge carriers. An acidic functionality in the hydrogen bond network (Fig. 3.2.2c) donates 

an H+ to the proton wire “conduction band” in the same way a group V (P, As) impurity donates 

an electron in the Si conduction band. I derive the position of the H+ donor state respect to the 

“conduction band” by substituting Kw with Ka (acid dissociation constant) in eq. 3.2.1. For 

maleic-chitosan (pKa 3.2), Ed= 0.18 eV. A basic functionality in the hydrogen bond network (Fig. 

2d) accepts a H+ to create an OH- proton hole in the proton “valence band” in the same way a 

group III (B) impurity creates a hole in the Si valence band. For proline-chitosan I use pKb= 3.4 in 

(Eq. 3.2.1) to calculate Ea= 0.2 eV. The position of the protochemical potential is calculated from  
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Figure 3.2.3 A protonic pn junction. (a) Red trace- Experimental data for IV 

characteristics of a H+ - OH− junction formed by maleic chitosan and proline chitosan. 

The curve shows the expected nonlinearity. Black dots - data from simulations for the 

same junction using the semiconductor model. (b) When H+ doped and OH− doped 

material are placed into contact, OH− diffuse into the H+ region and H+ diffuse into the 
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OH− region until the μH+ on both sides is the same. H+ and OH− recombine in the 

depletion region. A contact potential V0 occurs across the junction and is dependent of 

the difference in μH+ of both sides. (c) A forward bias (VMP) applied between source and 

drain reduces the contact barrier by e(V0-VMP) and induces thermionic emission of H+ 

into OH− side. 

the activity of H+, or the pH, and Nernst equation as μC
H+= eV0+μ0+ kBT ln aH+  (aH+= activity of 

H+). (60) Qualitatively, μH+ in a protonic semiconductor is affected by doping the same way the 

Fermi energy in an electronic semiconductor is affected. For an intrinsic material, μH+ is at mid 

gap. For H+-type material, μH+ is closer to the conduction band and for an OH- - type material 

μH+ is closer to the valence band.  The intrinsic version of maleic chitosan and proline chitosan 

is unmodified chitin. Chitin does not have functional groups that contribute H+ or OH- dopants 

to the proton wires. As expected, the protonic conductivity of chitin measured with PdHx 

contacts is significantly smaller than the protonic conductivity of maleic chitosan or proline 

chitosan. 

A H+-type and OH--type Junction.  

As part of their model that compares H+-type and OH--type protonic semiconductors with 

electronic semiconductors, Eigen and de Mayer propose a H+ - OH- junction in ice with acid and 

base dopants (17).  Similarly, here I measure the properties of maleic-chitosan (H+-type) and 

proline-chitosan (OH--type) junction devices with proton conducting contacts under 75% RH 

(Fig. 3.2.3). When a potential difference between the contacts is applied (VMP), the measured 

current (IMP) shows asymmetric characteristics as expected (Fig. 3.2.3a).  The dependence of IMP 
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on VMP in the H+ -OH- junction is easily described with the semiconductor model (Fig. 3.23b &c). 

At first contact, the gradient in μH+ drives the diffusion of H+ into the proline-chitosan and OH- 

into the maleic-chitosan until equilibrium is reached. The charge carriers recombine at the 

junction as H2O and create a depletion region with an associated contact potential (V0) (Fig. 

3.2.3a). This H2O generated at the interface does not affect the hydration of the polymers at 

the interface because the overall concentration of recombined H+ and OH- is negligible 

compared to the water already present in the biopolymers. A positive potential on the H+-type 

side (forward bias) reduces V0 and results in a net thermally activated current of H+ and OH- 

across the forward biased junction (Fig. 3c). At the same time, a negative potential on the H+-

type side increases the potential barrier and results in very little current going across the 

reverse biased junction. This model is used to simulate the junction characteristics (Fig. 3.2.3a). 

I treat the maleic-chitosan and the proline-chitosan as n-type and p-type electronic 

semiconductors (switching the sign of the charge carriers) with a band gap of 0.8 eV. The 

doping concentration is calculated using the semiconductor model (Fig. 3.2.2 c & d). The 

number of H+ donated by the maleic-groups in the proton “conduction band” is calculated from 

the maleic acid pKa and the density of the maleic group on the chitosan backbone (Fig 3.2.1b). 

In turn, the number of OH- proton holes created by the proline-base in the proton “valence 

band” is calculated from the proline base pKb and the density of proline groups on the chitosan 

back bone (Fig.3.2.1c). For maleic-chitosan, I obtain = 8.9 x 1017 cm-3 and for proline-

chitosan = 4.3 x 1017 cm-3. The contribution to the charge carrier doping of the unreacted 

–NH2 in chitosan (Fig. 3.2.1 b & c) can be neglected. The dissociation constant of these amines 

(pkb= 7.5) is low and results in OH- doping at least two orders of magnitude lower than the  
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Figure 3.2.4. Complementary protonic devices.  (a) (b) Plots of IDS as a function of 

VGS for different VDS (RH 75%) for a maleic chitosan H+-FET and a proline chitosan 

OH−-FET with PdHx contacts. Device dimensions: length 8.6 μm, width 3.5 μm, height 

82 nm for (a) and 9.6 μm, width 28 μm, height 200 nm for (b). The small deviation of 

IDS from zero at VDS = 0 is likely due to hysteresis as previously observed for these 
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types of devices, (c) (d) Schematics of H+ and OH− transistor capacitative charge 

carrier nH+ and nOH− modulation. (c) 𝑛𝐻+
= 𝑛0

𝐻+
−  

𝐶𝐺𝑉𝐺𝑆

𝑒𝑡
 (CG = gate capacitance per 

unit area, t = device thickness) (d) 𝑛𝑂𝐻−
= 𝑛0

𝑂𝐻−
+  

𝐶𝐺𝑉𝐺𝑆

𝑒𝑡
. From simulations of 

dQ/dVgs, Cg = 3.85 × 10−4 F m−2. (e) (f) Plots of 
𝜕𝐽𝐷𝑆

𝜕𝜀𝐷𝑆
=  𝜎 as function of VGS and linear 

fit for the device in (a) and (b) respectively. For cross σ and charge density 

calculations the cross sectional area of the devices was derived from AFM and the 

cross sections were approximated to a rectangle with t = 66 nm for (a) and t = 160 nm 

(b) with the same widths as the actual devices. From the fi, µ𝑙𝑖𝑛 = ±
𝑡

𝐶𝐺

𝜕𝜎

𝜕𝑉𝐺𝑆
 and 𝑛0 =

 
𝜎|𝑉𝐺𝑆=0

𝑒𝜇𝑙𝑖𝑛
 . 

doping from the proline or the maleic groups. The mobility data for the charge carriers is 

derived from the H+-FET and OH--FET devices (Fig. 3.2.4). In the forward bias region, the overall 

shape of the curve matches the shape of the experimental data well for a minority carrier 

recombination time of 1 μs. This recombination time is remarkably close to the recombination 

time of H+/ OH- in neutral water (35 μs) (17) and appropriately smaller because of higher H+/ 

OH- concentration in the devices.  Despite the applied voltages being below electrolysis levels, 

the increased back bias current may be due to field-induced water splitting at the contacts as 

previously observed in bipolar ion-exchange membranes (67). To appropriately simulate the 

experimental conditions, I scale the current in a 1x1 μm2 junction by several fold, but not by 

the exact amount required to recreate exactly a junction with 1x1 cm2 contacts. The H+-type 

OH--type junction is assembled from pre-formed components and results in a device with 
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overall poor physical contact. This poor physical contact effectively reduces the area of the 

junction and the area of the contacts. Despite these shortcomings, the junction devices show 

the expected rectifying behaviour, which is qualitatively matched by the simulations.  

Complementary Bioprotonic Field Effect Transistors. 

To confirm the proton semiconductor model, I analyse the output characteristics of 

complementary protonic-FET devices. In a protonic-FET type device (Fig. 3.2.1a), the source-

drain protonic current, Ids, recorded as a function of drain-source bias, VDS, is controlled by 

changing the potential of the back gate electrode, VGS. As previously reported(15), for the 

maleic-chitosan H+-FET (Fig 3.2.4a), a negative VGS results in a higher source-drain current for 

the same VDS, while a positive VGS almost turns IDS off. This VGS dependence of IDS is consistent 

with an FET with positive charge carriers (H+). This type of electric field modulation of H+ has 

also been demonstrated in Nafion based field-effect devices (68). In turn, the proline-chitosan 

OH--FET shows the opposite VGS dependence. A negative VGS almost turns the device off and a 

positive VGS results in higher Ids (Fig. 3.2.4b). This VGS dependence of IDS is consistent with an FET 

with negative charge carriers (OH-). Both kind of devices show current saturation for higher Vds 

and corresponding IDS. Both kinds of devices show current saturation for higher Vds. This 

saturation may be due to charge accumulation at the contacts and the formation of a barrier 

for higher Ids as previously discussed (15). Further investigation of the contact barrier for the 

devices is required to confirm this hypothesis. 
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I explain the Ids modulation from VGS in these devices with the gradual channel approximation 

(69): 

  (eq. 3.2.2) 

 (+ for a negative charge carrier and – for a positive charge carrier, μlin=mobility in the linear 

regime, CG= gate capacitance per unit area, W=device width, L= device length, VTH=threshold 

gate voltage at which conduction occurs). A few modifications are required to eq. 3.2.2 to take 

into account that in the accumulation mode devices I cannot reach the VTH at which the channel 

is completely depleted of charge carriers. I first rewrite eq. 2 as: 

  (eq. 3.2.3) 

(Jds= source drain current density, CGSVgs/t= charge carrier per unit volume induced by the gate, 

εDS= VDS/L=electric field along the device channel) and compare it to: 

  (eq. 3.2.4) 

(σ= channel conductivity, n=charge carriers per unit volume, e=elementary charge). I then 

modify n to take into account for the H+ (n0
H+) or OH- (n0

OH-) from acid and base doping already 

in the channel at VGS=0. This modification results in: 

  (eq. 3.2.5) 

or H+-FET and 
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  (eq. 3.2.6) 

for OH--FET respectively (Fig. 3.2.4 c and Fig. 3.2.4d). For an intrinsic semiconductor, these 

modifications cannot be used by simply setting n0=0. VTH, in this case the voltage at which the 

Fermi energy of the intrinsic semiconductor is shifted enough to afford injection of charge 

carriers into one of the bands, should be included back in eq. 3.2.2. Using equation 3.2.5 and 

equation 3.2.6, equation 3.2.3 becomes: 

  (eq. 3.2.7) 

for H+-FET and: 

  (eq. 3.2.8) 

for OH- -FET. To calculate , , , and , I  plot  as a function of VGS (Fig. 

3.2.4 e and 3.2.4f). , are derived from the gradient of the linear fit and  and are 

derived from the intercept (Fig. 3.2.4 e and 3.2.4f)(69). From the devices,
 

  and . The mobility for H+ is 

remarkably close to the mobility for H+ in diluted acidic solutions (58) and in hydrated 

semiconducting polymers,(70) and is slightly higher than H+ mobility of Nafion (0.87x10-3 cm2 

V-1s-1) proton exchange membranes widely used in fuel cells.(71, 72)  Matching the H+ mobility 

in water solutions is important for potential future biological applications where the H+ are 

transferred in liquid. For basic solutions, the mobility of OH- is lower than H+ and reported as 
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1.96 x 10-3 cm2 V-1 s-1. The OH--type devices show a mobility that is in reasonable agreement 

with this value, but is five-fold lower than expected. A few factors may contribute to the lower 

than expected OH- mobility. The proline chitosan in the OH- -FET contains less water (15% w/w) 

than the maleic-chitosan in the H+-FET (20% w/w). This lower water content results in a smaller 

number of pathways, or proton wires, for the OH- to conduct. Maleic chitosan forms self-

assembled nanofibers while proline chitosan forms an amorphous film on the substrate (Fig. 

S5). The more ordered morphology of the maleic chitosan also likely contributes to the higher 

proton mobility in the H+-FET respect to the OH--FET. In this analysis, I have neglected the 

effects of the contacts. It is likely that the contact between the PdHx and the proton-conducting 

channels is affected by the difference in protochemical potentials. From the data for the PdHx 

reversible electrodes in acidic solutions(73), one infers qualitatively that the protochemical 

potential of the PdHx is closer to the protochemical potential of the H+-type maleic chitosan and 

is significantly higher than the protochemical potential of the OH--type the proline chitosan. 

PdHx is thus more likely to form a better protonic contact (Ohmic) with maleic-chitosan, while a 

potential barrier at the PdHx- proline-chitosan contact may occur. This barrier is similar to a 

Schottky barrier that occurs between a metal with low work function and a p-type electronic 

semiconductor. This potential explanation, however, requires further investigation and will be 

addressed in future work.   With the values of the mobility, I extrapolate 

and for the devices. The values are compared 

with = 8.9 x 1017 cm-3  and = 4.3 x 1017 cm-3 derived from the acid and base doping 

semiconductor model (Fig. 3.2.2). Given all the assumptions made in deriving the values from 

the acid and base doping, the agreement is good. This agreement confirms that the 
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semiconductor doping model is an appropriate description for proton transport in doped 

proton wires measured with these devices. Further work is needed to generalize this model to 

intrinsic semiconductors to take into account the turn on voltage, VTH. For this work, devices 

with higher gate capacitance capable of turning on the intrinsic devices at a reasonable VTH  are 

required. 

Discussion 

In summary, I have demonstrated H+ -OH- rectifying junctions and H+- type and OH- -type 

complementary field effect transistors with polysaccharide based biomimetic proton wires. 

These devices confirm that proton wires support the conductivity of OH- as proton holes. I 

describe the conductivity in these devices with a model in which H+ (protons) and OH- (proton 

holes) are equivalent to electrons and holes in semiconductors. This model was originally 

proposed by Eigen and de Maeyer and refined to include band gap calculations and effects of 

doping on the protochemical potential. The mobility for H+ and OH- in the devices

 
and , are in good and reasonable 

agreement with what has been previously reported for the same species in other hydrogen-

bonded systems. The on-off ratio of these devices is low (~ 3-4), but closely agrees with 

electrostatic modelling. Avenues for improvement include using thinner gate dielectrics and 

high k gate dielectrics. The field effect manipulation of H+ and OH- currents may be used, in the 

future, to interface with proton conducting ion channels (6). However, for these applications 

devices that function in physiological conditions need to be developed, given that the current 

devices are extremely sensitive to the water content in the polysaccharides. The H+ and OH- 
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mobility in the devices is comparable to the mobility of ions in solution, therefore the 

performance of these polysaccharides does not limit the potential coupling with biological 

systems. The ability to precisely control the flow and concentration of H+ and OH- may also be 

used to study the kinetics of acid-base chemical reactions (52). Finally, given the importance of 

protonic conduction in biological energy conversion and electrophysiology in general, insights 

from the semiconductor model and protonic devices may prove useful at interrogating the 

conductivity in relevant proton channels from an alternate perspective. 
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3.3 Proton Transfer Between PdHx and Solution 

The pH of a hydrated polymer is analogous to the pH of an aqueous solution.  Therefore, with 

the assistance of Takeo Miyake I have conducted electrochemical measurements to measure 

the behavior of the PdHx-solution interface and ensure that the PdHx-solution interface does 

not limit proton flow (74).   

In this experiment, Pd contacts are immersed in a buffered solution of known pH.  Electrical 

measurements are conducted in a three-electrode configuration, with an Ag/AgCl reference 

electrode (Figure 15).  In an electrochemical measurement, no current is allowed to flow 

through the reference electrode(75).  Therefore, the solution potential is equal to the reference 

potential, plus an offset due to their differing work functions.  Measurements are conducted 

with the counter and working electrode in feedback.  The counter electrode current is varied to 

control the potential difference between the reference and working electrodes.  The resulting 

equilibrium reveals the current flow across the interface for a specified potential difference. 

Measurements showed the familiar dissociation reaction 𝑃𝑑𝐻 → 𝑃𝑑 +  𝐻+ + 𝑒− for small 

positive voltages.  In addition, negative voltages cause the reverse reaction 𝑃𝑑 + 𝐻+ +  𝑒− →

𝑃𝑑𝐻.  This allows the formation of PdH from solution without any H2 gas, which is beneficial 

since H2 gas is corrosive for many materials.  The voltage required for either process depends 

on the pH of the solution.  For some voltages, the reaction does not proceed in either direction.  

This ‘dead-zone’ is useful for long-term storage of H within Pd.   
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Figure 3.3.1.  Electrochemical PdH Formation. Left: schematic of electrochemical 

measurements.  The flow of protons into or out of the PdH is governed by the solution 

potential as set by the reference and counter electrodes.  Right: formation and 

depletion conditions for PdH.  The voltage required depends on the pH of the solution.  

A significant dead-zone indicated in white allows stable storage of hydrogen for long 

periods (74).  
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3.4 The Palladium-Nafion Interface 

My experiments on Nafion and biomaterials suggest that these materials are strongly impacted 

by interface effects at the boundary with the palladium hydride contact.  If unaccounted for, 

non-linear interface effects related to the injection of protons from the PdHx contact into the 

channel can obscure conductivity measurements and interfere with device behavior.  To 

understand these interface effects, they must be isolated from any channel behaviors.  In 

addition, a precisely defined contact surface area is required to establish the current density 

and ensure a uniform interface potential.  Understanding the proton injection dynamics will 

allow more precise measurements in future work, and allow the tailoring of device geometry to 

match specific experimental needs. 

Experiment 

I fabricated a micro-scale four point probe device to make more precise measurements of the 

interface behavior (Fig 3.4.1 A).  This system includes two Au contacts in the channel, to 

separate bulk and interface behaviors.  In the language of traditional electrochemistry, the 

source is the working electrode, the drain is the counter electrode, and the two Au probes are a 

reference electrode that corrects for the resistance of the electrolyte.  To control the contact 

surface area, I added an SU-8 layer to limit the channel width and interface area.  I fabricated 

these devices with standard contact lithography on Si wafers capped with a 100nm SiO2 layer.  

100nm thick, 40um wide Pd contacts were deposited with separations of 20, 50, 100, and 

200µm using electron beam evaporation.  50nm thick, 3um wide Au contacts were then 

deposited within this channel, with a Pd edge to Au center distance (LPd-Au) of 5.5um for all  
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Figure 3.4.1.  Four Point Probe Device Geometry.  A) Cross section of the micro-scale 

four point probe device.  B) Electric potential within the four point probe device.  The 

slope of the VSAu – VDAu line is proportional to the conductivity of the bulk material.  The 

interface voltage at the source (VSInt) and drain (VDInt) is calculated by a simple linear 

extension of this slope, using the geometric parameters from A).  C) Top-view image of 

the fabricated device before Nafion deposition.  This image was composited from three 

images at different focal planes.  D) Layout of the contact pads and device connections 

in a 50µm device. From left to right, pads are for VS, VSAu, VDAu, and VD. 

lengths.   A 5nm Cr layer beneath both Pd and Au layers keeps the metals adhered to the SiO2 

surface.  Next, I patterned a 4µm thick SU8 channel on top of the metal layers.  The SU-8 

channel exposes a 10µm deep, 35µm wide area of Pd at each end of the device, for a total 

exposed area of 350 µm2
 at both source and drain contacts (Figure 3.4.1 C).  The layout of the 

device, including contact pads, is shown in Figure 3.4.1 D.  Just before each measurement, I 
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used spin-coating to deposit a uniform 300nm layer of Nafion from solution, then baked the 

device at 80C for 5 minutes to remove any residual solvents. 

During the measurement, I apply a voltage to the source (VS) and drain (VD), then measure the 

current (IS).  In addition, I hold both Au probes in feedback at zero current, then measure the 

resulting voltage near the source (VSAu) and drain (VDAu).  The potential profile of the device is 

shown in Figure 3.4.1 B, and an example of the measured data in Figure 3.4.2 A.  Assuming that 

the potential drop in the channel is linear, I calculate the voltage drop at the source-channel 

interface to be:  

𝑉𝑆𝐼𝑛𝑡 =  𝑉𝑆 −  𝑉𝑆𝐴𝑢 − (𝑉𝑆𝐴𝑢 − 𝑉𝐷𝐴𝑢) ∗
𝐿𝑃𝑑−𝐴𝑢

𝐿𝐴𝑢−𝐴𝑢
 (eq 3.4.1) 

and the voltage drop at the channel-drain interface to be: 

𝑉𝐷𝐼𝑛𝑡 =  𝑉𝐷𝐴𝑢 − (𝑉𝑆𝐴𝑢 − 𝑉𝐷𝐴𝑢) ∗
𝐿𝑃𝑑−𝐴𝑢

𝐿𝐴𝑢−𝐴𝑢
−  𝑉𝐷    (eq 3.4.2) 

Here, LAu-Au is the center to center distance between the two Au electrodes. 
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Figure 3.4.2.  A) Unprocessed results from the four point probe measurement at 90% RH 

and 5% H2.  The current, voltages, and voltage difference all decay exponentially.  B)  

Nafion conductivity vs. atmospheric conditions.  As expected, the proton conductivity 
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(red) is higher than the ion conductivity (blue) and electron conductivity (black).  The 

decay in ionic conductivity suggests the slow formation of a Debye layer. C) Total charge 

transferred through the device vs. time.  The charge increases continually with time, 

indicating that the absorption rate of hydrogen gas from the atmosphere is significant. 

I assume that IS is the same for all calculations, since there should be very little leakage current 

into the Au electrodes or SiO2 substrate.  Therefore, the device current is uniform, and the 

current into the drain is equal to the current out of the source.  The bulk material conductivity 

can be calculated as: 

𝜎𝑁𝑎𝑓𝑖𝑜𝑛 =
𝐼𝑠𝐿𝐴𝑢−𝐴𝑢

(𝑉𝑆𝐴𝑢−𝑉𝐷𝐴𝑢)𝑤𝑡
   (eq 3.4.3) 

Here, w is the channel width (35um) and t the thickness of the Nafion layer (300nm).  

The derived conductivity (Figure 3.4.2 B) depends strongly on the atmospheric conditions of the 

sample, as expected for the palladium hydride system (section 2.3).  When dry (0% RH, black) 

the sample conducts electrons at a rate of only 0.13mS/cm.  When hydrated (90% RH, blue), 

the conductivity initially increases to 15mS/cm, but gradually decays to 1.4mS/cm over the 

duration of the measurement.  This decay is characteristically consistent with the formation of 

a Debye layer from ionic motion in the Nafion layer.  Finally, the addition of hydrogen (90% RH, 

5% H2, red) increases the derived conductivity to 730 mS/cm.  As expected, this conductivity is 

constant over time despite the rapid exponential decrease in proton current during the 

measurement due to depletion (Fig 3.4.1 C, black).  However, this derived conductivity is not 

consistent with the accepted literature conductivity of 78mS/cm (43). 
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Several effects may be responsible for this inconsistency.  First, the Nafion layer thickness may 

swell by as much as 70% when fully hydrated (76).  However, all thickness measurements were 

made on dry samples.  Secondly, the measured voltage difference between the Au probes is 

very small, and therefore sensitive to even minor fluctuations.  Typical channel voltages are 

around 50mV, while interface voltages are around 600mV (source) and 350mV (drain) (table 

3.4.1).  A 5% error in the source interface voltage gives a variation of ± 30mV, and if this error is 

inaccurately attributed to the channel the resulting error in conductivity is around 250%.  

Therefore, small errors or effects in the interface measurement can introduce large errors in 

the channel voltage.   

Length VSAu VDAu VAu-Au 

20um 334mV 250mV 84mV 
50um 355mV 305mV 50mV 
100um 367mV 299mV 68mV 
200um 376mV 302mV 74mV 

Table 3.4.1.  Channel voltage length dependence.  For ohmic conduction, the voltage across a 

material (VAu-Au) should increase linearly with length.  The observed behavior is instead noisy and 

non-linear, demonstrating that ohmic conduction has a minimal effect on the device behavior. 

Critically, the measured voltage drop is not proportional to the device length, although it should 

vary linearly (Table 3.4.1).  This confirms that the observed behavior is not ohmic in origin, and 

the derived conductivity is incorrect.  The most likely source of error in this measurement is the 

presence of sidewall connections across the SU-8 steps in the device.  Using the literature 

conductivity of 78mS/cm for Nafion, the expected resistance of a 300nm Nafion layer in the SU-

8 trench that forms the channel is 1.2 MΩ.  However, a 300nm thick Nafion layer is also 

deposited on top of the SU-8 during spin-coating.  The rectangular area of Nafion between the 
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source and drain pads (Figure 3.4.1 D) has a resistance of around 2MΩ.  In an ideal device, no 

Nafion would be deposited on the sides of the SU-8, so this layer would make no contact to the 

contact pads and therefore not affect the device.  However, even a 3nm layer of Nafion 

deposited on the SU-8 walls would connect the contact pads to the top layer with a resistance 

of only 0.9MΩ.  Therefore, conduction through the sheet of Nafion between the source and 

drain contact pads could occur with a resistance as low as 3.8MΩ, significantly affecting the 

1.2MΩ expected resistance.  Further, the close proximity of the contact and channel pads 

means that the resistance between these pads is even lower than 3.8MΩ.  As discussed 

previously, the measured channel voltage difference is small, so even a high-resistance 

connection between e.g. VS and VSAu could have a significant effect on the derived conductivity.  

Unfortunately, the sidewall thickness is not known, so it is difficult to calculate how this 

connection affects the device behavior. 

Charge 

For further insight into the device dynamics, I calculate the total charge conducted through the 

device by integrating IS against time (Fig 3.4.2 C).  The charge transfer exponentially approaches 

a line.  The slope of this line represents the equilibrium rate of current flow, which is inherently 

limited by the absorption of hydrogen gas from the atmosphere.  Assuming that the absorption 

rate is constant with time, any other charge conducted must have been stored in the device 

before the measurement began.  Therefore, the intercept of the line represents the total 

amount of H stored in the device.  The derived initial charge from this intercept is 680nC.   



51 
 

A PdHx  contact with a 5% partial pressure of hydrogen will equilibrate at x ≈ 0.6 (Fig 2.3.2, (23)).  

Therefore, the total charge of protons stored as hydrogen in a contact is given by: 

𝑄 =
𝑉𝑞𝑥𝜌𝑃𝑑

𝑚𝑃𝑑
  (eq 3.4.4) 

Here, V is the contact volume, ρPd the density of palladium, mPd the atomic mass of palladium, 

and q is the fundamental charge.  The contacts used in this measurement have a volume of 

35µm x 10µm x 100nm, so at x = 0.6 they will hold 230nC of charge. Therefore, 450nC of charge 

is unaccounted for.  This amount of hydrogen could not be stored in the Nafion layer, as the 

solubility of hydrogen in Nafion is 0.01 mol/dm3 (77), and the relevant Nafion volume is that 

just above the contact with total volume of 35µm x 10µm x 300nm.  Therefore, the Nafion can 

contain ≈1 femtomole of hydrogen atoms, equal to only 100pC.  Separately, it is possible that 

some hydrogen exists as an adsorbed layer on the Pd surface.  The evaporation process results 

in a rough poly-crystalline surface, which may have a larger than expected surface area.   

In electrolyte solutions, significant charge can be stored in a Debye layer.  In addition, a long 

charged layer adjacent to the Pd contact might influence the Au probes and explain the Pd-Au 

correlation found in the bulk conductivity measurement.  The Debye layer thickness is given by:  

𝜆𝐷 = √
𝜀𝐷

2𝜎
    (eq 3.4.5) 

Here ԑ is the permittivity, D is the diffusion constant, and σ is the conductivity of the electrolyte 

material.  Estimating that ԑ = 20 ԑ0, D = 10-4 cm2/s (78), and σ = 78mS/cm (43), I find λD = 

0.33nm.  This estimate assumes that the Nafion is very highly hydrated, with a water volume 

fraction of 1.  Since the Pd to Au minimum distance is 4µm, it is unlikely that the 0.33nm Debye 
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layer at the Pd source has any influence on the Au contacts.  From this estimate I can also 

estimate the capacitance of the layer, as:  

𝐶 =  
𝜀𝐴

𝜆𝐷
   (eq 3.4.6) 

Here A is the area of the charge source interface (10um x 35um).  This gives a capacitance of C = 

188pF.  For an applied VS = 1V, the total charge is then Q = CV = 188pC. This is nominal 

compared to the 680nC initial charge in the device, so the Debye layer is unlikely to have any 

significant effects on the device.  Similarly, capacitance at the large contact pads may be 

significant.  There are 4 pads, of size 200µm by 200µm.  The capacitance from the pads through 

the 100nm SiO2 surface to the silicon substrate is small, at 0.15nF.  However, the contact pads 

are coated with Nafion from the spin-coating process, and the Debye layer capacitance at these 

pads is significant.  Using eq 3.4.6, the electrolyte capacitance of each pad is approximately 

21nF.  The charge stored at the pads is then given by the sum of the charge at each pad, 

calculated to be 35nC from Q = CV with VS = 1, VD = 0, VDAu ≈ 0.35, and VSAu ≈ 0.3 (table 3.4.1).   

The most likely source of this extra charge is conduction through the previously discussed side 

wall connections.  The much large size of the contact pads means they could reasonably store 

large amounts of hydrogen. Nominally, the contact pads have an Au surface, which would 

prevent the storage of hydrogen within the metal.  However, defects in the Au or scratches 

from the probe tips could expose the underlying Pd layer, allowing hydrogen storage.  In 

general, the side wall connection must be removed in order to allow quantitative predictions of 

device function.  
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Tafel Fitting 

The initial current in the device is limited by the reaction: 

𝑃𝑑𝐻 → 𝑃𝑑 +  𝐻+ +  𝑒− 

The rate of this reaction is described by the Tafel equation: 

ln (
𝐼𝑆

𝑖0
) =  

𝛼(𝑉𝑆𝐼𝑛𝑡−𝑉𝐸𝑞)

𝑉𝑇
    (eq 3.4.7) 

Here i0 is exchange current density (a parameter), VEq is the equilibrium voltage of the reaction, 

VT is the thermal voltage, and α is the charge transfer coefficient (another parameter). 

Generally, the Tafel equation describes a large number of particles impinging on a potential 

barrier.  i0 describes the total number of impinging particles, while α describes the probability 

that each particle successfully crosses the barrier.   α is sensitive to the particular potential of 

the device.  To fit this equation to the data, I rewrite it as:  

ln(𝐼𝑆) =  
𝛼𝑉𝑆𝐼𝑛𝑡

𝑉𝑇
−

𝛼𝑉𝐸𝑞

𝑉𝑇
+ ln (𝑖0)  (eq 3.4.8) 

On a plot of ln(IS) against V, this is a simple linear relationship if VEq is assumed to be constant.  

A linear fit yields:  

𝛼

𝑉𝑇
= 𝑆𝑙𝑜𝑝𝑒  (eq 3.4.9) 

𝛼𝑉𝐸𝑞

𝑉𝑇
+ ln(𝑖0) = 𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡  (eq 3.4.10) 
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Figure 3.4.3.  Parametric plots of effective device impedance.  A) Schematic of the 

different impedances in the device.  I use the the four-point probe setup to separate 

VSInt and VDint from the channel behavior.  B) Source interface I-V-t behavior.  The initial 

current increases exponentially with voltage, as described by the Tafel equation.  As 

time increases, the current decreases and the interface voltage increases.  The final 

current is determined by the rate of H2 gas absorption, and is therefore independent of 

voltage. C) Drain interface I-V-t behavior.  As time increases, both current and voltage 

decrease.  Generally, the total device acts as a simple voltage divider.   ZDiffusion increases 

with time, and each interface has an inherently exponential I-V relationship. 

Typically, VEq varies as described by the Nernst equation:  

𝑉𝐸𝑞 =  𝑉𝐸𝑞
0 +  

𝑅𝑇

𝑧𝐹
ln (

𝑎𝑂𝑥

𝑎𝑅𝑒𝑑
)    (eq 3.4.11) 
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However, both Pd and PdH are solids, and therefore have an activity of 1.  So, the only activity 

that could change is that of H+ - this is a pH dependent factor.  Nafion has an extraordinarily 

high concentration of protons, so it is unlikely that the pH will electrostatically change during a 

measurement.  Therefore, the Nernst equation predicts a constant VEq.  Previous work by 

Flanagan and Lewis an explanation of the potential variations of the PdH system (79).  They find 

that the electrode potential varies by a maximum of 60mV as x varies from 0 to 0.7.  In 

particular, from x = 0.05 to x = 0.55, the potential varies by less than 10mV.   Therefore, the 

equilibrium voltage of this reaction is roughly constant throughout the measurement, and the 

assumption of a constant VEq is valid. 

In total, the measured devices consists of four impedances (Fig 3.4.2 A).  The source contact 

combines diffusion (ZDiffusion) and the Tafel reaction rate (ZSInterface), while the drain contact has 

only the Tafel impedance (ZDInterface).  Compared to these impedances, the Nafion impedance (Z-

Channel) is minimal. The interface voltages derived from the four point probe measurement are 

indicated as VSInt and VDInt. The relationship between current, interface voltage, and time is 

presented in figure 3.4.2 B and C.  The initial current is the highest, with an I-V dependence 

described by the Tafel equation for VS above 0.3V.  Fitting this initial value yields: 

𝛼𝑆 =  0.13;  𝛼𝐷 =  0.39;  𝑆 𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 =  −18.11;  𝐷 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 =  −18.77 

Below 0.3V, the Tafel equation is in the ohmic regime and displays a behavior which is linear, 

not exponential.  As the device depletes hydrogen from the source contact, ZDiffusion increases 

exponentially, and the current decreases.  As expected for a voltage divider, this causes VSInt to 

increase and VDInt to decrease.  For all measurements, the final equilibrium current is limited by 
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the absorption rate of H2 gas from the atmosphere.  Since this diffusive process is charge 

neutral, the final equilibrium current is nearly independent of the applied voltage.   

Simulation 

I simulated the behavior of the system using the simple model shown in Figure 3.4.3 A.  In this 

model, hydrogen is stored in the contact and Nafion layer.  When a voltage is applied a proton 

current J2 flows from the surface at a rate proportional to the concentration of hydrogen at the 

surface.  As this surface layer becomes depleted, hydrogen diffuses from the surrounding 

environment to the surface at a rate J1.  The model parameters are the initial amount of 

hydrogen stored in the device (ninit), the initial current (Ji), and the effective combined diffusion 

constant (D) at which hydrogen is replenished to the surface from the Pd, Nafion, and 

atmosphere.   
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Figure 3.4.4.  Simulation of the device behavior.  A) Simple simulation model.  J1 is the 

diffusive flux of H from the contact to the surface.  J2 is the hydrogen dissociation 

reaction.  B) Device current.  The model and data agree.  C) Source interface I-V 

relationship.  I calculated the expected source interface voltage from the experimentally 

fitted drain interface and channel conductance behaviors. 
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Fitting yields Ji = 650nA, ninit = 2 * 1023 cm-3, and D = 14 * 10-11 m2/s, with results presented in 

Fig 3.4.3 B.  The fitted Ji is similar to the observed current of 570nA, and the voltage 

dependence is calculated from the tafel equation fitting.  The diffusion constant is slightly larger 

than that of hydrogen in Pd (4 * 1011 m2/s) or Nafion (≈4 * 1011 m2/s) (77).  This increase in 

effective diffusion constant could also reflect the surface roughness of the material, since the 

average path distance from bulk to surface decreases with roughness.  The fitted n init is least 

accurate, as it describes a hydrogen density which is almost precisely three times denser than 

the atomic density of solid Pd.  This model ignores the previously discussed leakage current at 

the contact pads, which is the likely source of the extra charge in the experiment. 

To further verify this model, I compare it to the measured parametric depletion behavior (Fig 

3.4.3 C). To calculate the effective interface voltage across the source, I use the fitted Tafel 

equation for the drain current, as well as the derived conductivity of the channel material.  The 

simulated current, plotted against this derived voltage (blue) is similar to the measured 

behavior. 

Discussion 

A four-point probe measurement system with a precisely defined contact area allows greater 

insight into the device behavior.  It allows the isolation of the interface dynamics of the metal – 

polymer electrolyte interface, and proves that this behavior follows the exponential Tafel 

relations as limited by the depletion of hydrogen from the contacts.  However, the 10x 

difference between calculated bulk material conductivity and the literature means that further 

work is required to isolate the device behavior.  The precisely defined contact volume and 
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interface area allows the separation of hydrogen stored in the contact from hydrogen absorbed 

from the atmosphere.  The observed discrepancies in the conductivity and charge are likely 

caused by leakage current across the side walls of the SU-8.  

Using the derived charge, I have demonstrated the separation of absorbed and stored 

hydrogen.  The absorption rate of H2 gas from the atmosphere is significant over the 40s 

measurement, with 820nC of total equivalent charge transferred to the 10um x 35um interface 

– a net absorption rate of 58.5 C/m2s.  Future measurements should consider this absorption 

rate in any estimation of the flow of hydrogen.  Separately, understanding the amount of stored 

hydrogen helps to explain the behavior of the contact surface, although in this work the results 

are limited by interference from the contact pad leakage current.  In addition, this leakage 

current interferers with the measured conductivity by coupling the Pd and Au contacts.   

The measured interface behavior is less affected by the leakage current, as the observed 

voltage drop across the channel was generally less than 10% of the interface voltage drop.  

While uncertainties persist, the fitted Tafel equations are useful in demonstrating the 

exponential I-V relations of these interfaces.  These equations will be useful in future design 

work, as they can be used to select device geometries with either bulk or interface dominated 

behavior.  

I have modeled the system with a simple, two flux simulation.  This model is consistent with the 

current, voltage, and depletion behavior of the devices.  The model accurately describes the 

data only when it includes the excess hydrogen and 10x error in material conductivity, 
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experimentally caused by the leakage current.  This model is a useful way to predict device 

behavior and verify the proposed mathematical device description. 

The presented work is most limited by the leakage current at the contact pads.  Future 

experiments should find a way to eliminate this current, perhaps with the parylene liftoff 

fabrication procedure described in section 3.6.  In general, the methodology described in this 

work will allow more precise measurements of proton conducting materials, and will be useful 

in the design of protonic devices. 
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3.5 Proton Conduction in the Ampullae of Lorenzini 

Reproduced with permission from Science Advances 

In 1678, Stefano Lorenzini observed long, tubular structures in the Torpedo Ray (80).  Named 

the Ampullae of Lorenzini (AoL) in Lorenzini’s honor, these organs are also present in sharks 

and skates (Fig 3.5.1A, B).  The function of the AoL remained a mystery for almost 300 years, 

until R. Murray inferred their electrosensory function in 1960 (81). The AoL allow sharks, skates, 

and rays to detect changes in electric fields generated by muscle contractions and physiology of 

their potential prey(82). An individual Ampulla consists of a pore through the skin that opens to 

the aquatic environment. This pore is connected to a collagen canal enclosing an epithelium 

that secretes a jelly like substance (AoL jelly). This canal runs sub-dermally to an alveolus that 

contains electrosensitive cells (83) (Fig. 3.5.1 C). Within the alveolus the electrosensitive cells of 

the Ampullae communicate with neurons (83). Remarkably, the integration of signals from 

many Ampullae allows sharks, skates, and rays to detect changes in the electric field as small as 

5 nV/cm (84-86).  It is likely that the electrical properties of the AoL jelly play a key role in this 

mechanism. How such weak electric fields transmit along the AoL canal to the electrosensory 

cells is subject to debate (85, 86). Different electrical properties of the AoL jelly are reported in 

the literature (87-90). The AoL jelly is either reported as a semiconductor with temperature 

dependence conductivity and thermoelectric behavior(87, 88), or as a simple ionic conductor 

with the same electrical properties as the surrounding seawater(89, 90). Here, using proton 

conducting devices, I demonstrate that the AoL jelly is a remarkable proton conducting material 

and speculate that the polyglycans contained in the AoL jelly may contribute its proton 

conductivity.  
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Figure 3.5.1  The Ampullae of Lorenzini A, B) Skates and Sharks locate their prey by 

detecting the weak electric fields naturally generated by biomechanical activity.  C) A 

network of electrosensory organs called the Ampullae of Lorenzini is responsible for this 

sense  D) An individual ampulla consists of a surface pore connected to a set of 

electrosensory cells by a long jelly-filled canal.  Sharks and skate can sense fields as small 

as 5nV/cm despite canals traveling through up to 25 cm of noisy biological tissue.  

DC Electrical Measurements with PdHx proton conducting contacts 

I performed initial electrical measurements in a standard two-terminal geometry with palladium (Pd) 

source and drain contacts (Fig 3.5.2A) (15, 41, 91, 92).  When Pd is exposed to hydrogen, Pd forms 

palladium hydride (PdHx) with a stoichiometric ratio x ≤ 0.6.  With a source-drain potential difference, 
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VSD, the PdHx source and drain inject and drain protons (H+) into and from the AoL jelly samples, 

effectively serving as protodes (15, 41, 91, 92). For each H+ injected into the AoL jelly, an excess electron 

is collected by the leads, which complete the circuit and result in a current measured at the drain, ID (Fig 

3.5.2A). For an applied VSD= 1 V, I measured ID  at room temperature as a function of time (t) in an 

atmosphere of nitrogen or hydrogen with controlled relative humidity (RH), as previously described for 

the biopolymer melanin(12).  For RH= 50%, the AoL jelly samples extracted from Raja rhina have very 

low electrical conductivity with ID ~ 3 nA when measured with electrically conducting and proton 

blocking Pd contacts exposed to nitrogen (Fig 3.5.2B, black curve). At low RH, the only contribution to ID 

is likely from electrons, because ions and protons require a highly hydrated material in order to 

conduct(21). For RH= 75%, ID increases with a 10 nA peak when measured with Pd contacts (Fig 3.5.2B, 

blue curve). The formation of a Debye layer from the ions blocked at the contact- AoL jelly interface 

causes ID to rapidly decrease to 0.3 nA at t= 20 s.  Since Pd contacts are blocking ions and protons, ID= 10 

nA is likely the ionic component to the transient current in the AoL jelly, which contains the same ionic 

species as seawater(90) (Table S1). The observed capacitance (22nF) is consistent with the estimated 

capacitance for ionic charging of the Pd-AoL Jelly interface (26nF).     Similar behavior has been observed 

for ionic currents in the biopolymer melanin(12). This ionic component corresponds to an ionic 

conductivity of the AoL jelly, σion= 100 nS/cm. This σion is rather low compared to the conductivity of 

seawater (≈40 mS/cm), which was also attributed to the AoL jelly by prior work(90). However, larger 

ions such as Na+ and Cl- require larger pores in the material to be able to diffuse, and low ionic 

conductivity of the AoL jelly was also previously observed (93). For proton conducting PdHx contacts at 

75% RH, 
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Figure 3.5.2.  Proton Conduction in Ampullae Jelly. A) Palladium hydride protode 

behavior.  Under an applied voltage, PdH contacts split into Pd, H+, and e-.  Protons are 

injected into the skate jelly, while electrons travel through external circuitry and are 

measured. B) Transient response to a 1V applied signal in AoL jelly from Raja rhina. The 

proton current (red) is 50x larger than the ion current (blue).  The electron current 

(black) is slightly smaller than the ion current.    C) Four-point probe geometry.  Distinct 

Au contacts are used to measure voltage within the channel and correct for any 
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potential drop at the PdH-jelly interface.    D) Four-point probe conductivity results from 

Raja binoculata.  Conductivity increases exponentially with voltage up to about 1V, 

suggesting that conduction is limited by potential barriers.  Deuterium conductivity 

(green) at 90% D2O humidity (RD) is half as large as proton conductivity (red) for all 

voltages.  Ion conduction in the hydrated state (blue) is minimal.  E) Transmission Line 

Measurement (TLM) geometry.  Varying the distance between source and drain (LSD) 

distinguishes between the fixed PdH-jelly interface resistance and the varying bulk 

resistance. F) RLN as a function of LSD for Raja binoculata.  A linear fit gives a bulk 

material proton conductivity of 1.8 ± 0.9mS/cm.  

 ID peaks at 250nA, indicating a strong component of proton conductivity (Fig 3.5.2B, red trace). 

This proton conductivity is consistent with the activation energy for the conductivity of shark 

Ampullae of Lorenzini jelly (90). With PdHx contacts, ID drops over time. At first sight, this time 

dependence may suggest proton blocking behavior at the contact.  However, I observed similar 

time dependence when measuring highly proton conducting materials such as Nafion with PdHx 

contacts (91).  This time dependence arises when the diffusion of hydrogen to the PdHx contact 

surface is slower than the conduction of H+ in the proton conducting material (91).  

Four Point Probe Measurement and Kinetic Isotope Effect 

The injection of protons from the contact into the AoL jelly incurs a significant contact 

resistance, and the depletion of H at the PdHx contacts causes a drop in ID as previously 

observed (91).  To circumvent these issues, I used a modified four-point probe geometry to 

measure the proton conductivity (σH+) of the AoL jelly independently of the PdHx- AoL jelly 

contact resistance.  In this geometry, I added two thin Au contacts between the Pd source and 
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drain, for a total of four contacts. When I apply VSD to the PdHx source and drain, a current of H+ 

flows in the AoL jelly as demonstrated in the standard two-probe geometry. I measured the 

potential difference between the two Au contacts. This potential difference is proportional to ID 

and inversely proportional to the conductivity of the AoL jelly (Fig 3.5.2C).  Since no current 

flows across the Au-AoL jelly interface, there is no potential drop and the PdHx contact 

resistance does not affect the measurement of the conductivity of the AoL jelly.  For Pd 

contacts at 90% RH, I find σion ≈ 100 - 1000 nS/cm depending on V SD (Fig 3.5.2D, blue trace), 

which is consistent with my observations in the two-probe geometry (Fig. 3.5.2B). For PdHx 

contacts at 90% RH, I find σH+ ≈ 6 - 200 µS/cm, peaking at 200 µS/cm for VSD= 1V (Fig 3.5.2D, red 

trace). This conductivity is similar to that of dialyzed AoL jelly from a shark in a DC 

measurement (800 µS/cm) (90). In these measurements, the proton conductivity of the AoL 

jelly depends exponentially on VSD, which is similar to the highly proton conducting polymer 

Nafion (94). To confirm that the AoL jelly conductivity indeed arises from H+, I repeated the 

measurements by hydrating the sample with deuterated water and by exposing the Pd to 

deuterium rather than to hydrogen. Deuterium ions (D+) transport along hydrated materials in a 

similar fashion as protons, but with a lower mobility and associated lower conductivity (95). 

Hydrating the AoL jelly samples with D2O substitutes D+ for H+ in the material.  A subsequent 

decrease in conductivity for D+ (σD+) – the kinetic isotope effect – is a well-accepted signature 

for conductivity arising predominantly from protons (95). For the AoL jelly, σD+ = ½ σH+ for any 

VSD when measured in the four point probe geometry (Fig. 3.5.2D, green trace). The kinetic 

isotope effect with this four point probe measurement unequivocally points to proton 

conduction in the AoL jelly (95). However, these measurements likely underestimates the AoL 
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jelly conductivity (σH+= 0.2 ms/cm).  In the four-point probe geometry, I find the proton 

conductivity of Nafion at σH+= 2 mS/cm, which is lower than the literature value (σH+= 78 

mS/cm) (43). This measured conductivity of the Nafion control sample is smaller than expected.  

I suspect that non-ideal geometry is the cause of this variation.  The calculated conductivity 

assumes that only the material in the channel is relevant to conduction, since the electric field 

is highest here.   However, if the interface resistance is comparable to the channel resistance, 

this assumption may not be accurate, skewing the calculated results (69).  To address this 

variation, I measured the proton conductivity of the AoL jelly in a transmission line geometry. 

Discussion 

With two and four terminal devices using proton-conducting PdHx contacts I measured the 

proton conductivity of the jelly extracted from the Ampullae of Lorenzini of skates and sharks. 

The proton conductivity of the Ampullae of Lorenzini jelly is as high as σH+=2 mS/cm. This value 

is the highest reported for the proton conductivity of any biological material, and it is only forty 

times lower than the proton conductivity for Nafion, the current state-of-the-art polymer 

proton conductor. With the assistance of Pegah Hassanzadeh, I performed preliminary 

characterization of the Ampullae of Lorenzini jelly, reconfirming the presence of the polyglycan 

keratan sulfate. I propose that the high proton conductivity of the Ampullae of Lorenzini jelly 

may arise from protons donated by the keratan sulfate acid groups to the water contained in 

the hydrated jelly.  This high proton conductivity of the Ampullae of Lorenzini jelly is 

remarkable and I hope that the observation of this conductivity may contribute to future 

studies of the Ampullae of Lorenzini electrosensing function.   
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3.6 Carbon Nanotube Protonics 

Carbon nanotubes have aspect ratios greater than 10,000, and directly connect the micro-scale 

to the nano-scale. CNTs are heavily researched for electronic applications, and may help 

continue Moore’s law into the quantum regime.  Their minute size minimizes the energy 

required for switching, while their geometrically tunable band structure allows optimization of 

device parameters(96).  In addition to their well-known electronic applications, recent work has 

introduced CNTs as diameter-selective nanopores. Holt et. al. showed a large-area SiN 

membrane spanned by CNTs(97), while Sun et. al. demonstrated a single-CNT membrane(98).  

Results from such devices show conduction rates 5 order of magnitude higher than expected 

from traditional fluid dynamics for both fluids and gases(99).  These observations launched the 

nascent field of nanofluidics, a nano-scale complement to microfluidics which intends to fully 

realize the selectivity and conductivity of CNTs(100). 

To explain the anomalous fluid flow through a CNT, Koga et. al simulated the filling of water 

inside a CNT(101).  They found that water forms a regular, ice-like structure, with the uniform 

internal potential of the nanotube allowing rapid flow.  This ordered structure is remarkably 

similar to the ordered chain of water molecules in gramicidin (Figure 1)(57).  Due to their 

similarity, CNTs are therefore also expected to conduct protons(18), and might serve as a 

controlled artificial gramicidin(102). 

Gramicidin is an antibiotic that functions by integrating with a cell membrane and causing a 

rapid flow of protons(2).  This disrupts the transmembrane proton gradient that all cells 

maintain as a fundamental form of energy storage.  A cell’s proton gradient is created by 
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metabolic activity like the actions of photosystem 1(103), and used for everything from 

signaling to ATP production(52).  Like gramicidin, CNTs will naturally integrate with cell 

membranes due to their hydrophobic exterior and hydrophilic ends(104).  Therefore, the high 

selectivity of ensemble membranes might be applied to novel nanomedical applications in 

single CNTs (Figure 2).  However, if CNTs are to act as anything but a cell-killing antibiotic, their 

proton conductivity must be understood and controlled.   

    

 Figure 3.6.1. Theory of proton conduction in carbon nanotubes.  Left: Molecular 

dynamics simulations predict that the core of the CNT will fill with a chain of water 

molecules in a hydrogen bonded chain(18).  Right: The structure of gramicidin, an 

antibiotic and highly efficient proton conductor(2). 
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Figure 3.6.2.  The proposed Nafion-CNT device for proton conduction measurements. 

PdHx contacts act as a proton supply.  Nafion pads conduct the protons to the target 

device while preventing the flow of electrons. 

I made significant initial progress in fabricating a CNT-channel protonic device using the 

geometry shown in Figure 3.6.2.   The PdHx contacts act as protodes, injecting protons into the 

Nafion layer.  The Nafion layer is an electron filter that isolates the otherwise conductive CNT 

from the metal contacts.  Since the conductivity of Nafion is high, this layer should not limit the 

proton flux through the nanotube, although interface effects may be significant.  The nanotube 

spans an open gap between the Nafion, with total length between 2 and 10 um.  Proton current 

flows from the protodes, through the Nafion, and into the CNT core.  Ideally, CNT conduction is 

the limiting factor in current flow and the resistance of the PdHx and Nafion are small in 

comparison. 

This design has several advantages over previous works.  The CNT is not covered by any other 

layer, guaranteeing that no alternate conduction pathways exist through the barrier layer.  

Since the CNT is exposed, it can be easily characterized both before and after measurements.  

And, this exposure may allow extra functionalization of the CNT surface, as demonstrated by 

the Noy group(10, 105). 
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The fabrication of this device is limited by several constraints.  First, it is important that no ions 

contaminate the device.  Otherwise, they may unpredictably alter the behavior, as seen in 

previous work(106).  Therefore, once the CNT is opened, no exposure to ion-rich process 

chemicals is allowed.  Further, the Nafion layer must also be kept free from ions, prohibiting the 

use of standard photolithographic liftoff to pattern it. And, any temperatures above 150°C cross 

the glass transition temperature of Nafion and lower the proton conductivity(107).  However, 

some form of patterning is required to ensure good-quality devices with a short channel length.  

To solve these constraints, I fabricated this device with a parylene peel-off process (Figure 

3.6.3)(108, 109).  First introduced for the patterning of sensitive biomaterials, this process uses an 

etched parylene layer as an adhered shadowmask.  Parylene C is deposited on the surface 

under low vacuum, forming a layer 2-3µm thick.  Photolithography and a reactive plasma are 

then used to pattern and etch the layer.  With the layer formed, a sample solution is placed on 

the surface, and the suspended material allowed to settle.  Then, the parylene layer is 

mechanically peeled away.  This leaves the behind the patterned material without ever 

introducing it to harsh chemicals, or even leaving the solution.  I used parylene liftoff to pattern 

the Nafion in the Nafion-CNT devices.  This keeps the CNTs protected during fabrication, while 

also self-aligning the CNT etch to the Nafion deposition.  The full fabrication procedure is given 

in Figure 3.6.3.  
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Figure 3.6.3.  The proposed fabrication method for the Nafion-CNT devices.  Steps are 

discussed in detail in the text. 

In this project, I collaborated with professor Aleksandr Noy, who created single-walled CNTs on 

a 100nm thick SiO2 surface through flow-aligned CVD deposition.  The size and chirality of the 

CNTs is determined by the CVD parameters(110).   When first created, the CNTs are capped 

with fullerenes and insensitive to contamination.  Therefore, standard contact lithography can 

be used to deposit PdHx electrodes on the device (3.6.3.1).   

Next, I coated the samples with parylene through vapor phase deposition (3.6.3.2).  Here, a 

parylene dimer precursor is sublimated, and then pyrolized into the monomer form.  The 

monomer gas then deposits on the cool sample surfaces. The thickness of the parylene layer is 

easily controlled by the mass of precursor vaporized.  After deposition, the parylene layer is 

covered with a photoresist layer, which is patterned with contact lithography (3.6.3.2). 
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The device is etched in an inductively coupled plasma reactive ion etcher, with high anisotropy 

(3.6.3.4).  This etch opens the required holes in the parylene, and also opens the CNT ends.  The 

etch gases are a 3:1 mix of O2:N2, which is expected to result in –COOH terminations on the CNT 

ends. The photoresist is also etched by this process.  To prevent contamination, I chose the 

photoresist such that the last photoresist is etched away while 10-15% of the parylene is still 

remaining.  This keeps the CNT ends protected from any contact with the photoresist. 

After etching, the devices will be coated with Nafion (3.6.3.5).  Drop-casting yields 1-3µm thick, 

non-uniform film that lifts off poorly due to strong parylene side-wall connections.  Therefore, I 

used spin-coating to generate a more uniform, 100-400nm film of Nafion.  As expected, the 

thickness of the Nafion film is proportional to the spin speed.  Reducing the film thickness 

weakens the connection between layers and minimizes mechanical damage to the film. 

Lastly, the parylene layer is peeled away (3.6.3.6).  This is performed with tweezers under an 

optical microscope (figure 19).  The peel direction is chosen to ensure consistent tearing.  After 

peeling, the device is ready for measurement and characterization. 

I successfully patterned Nafion films with high resolution and low feature size using this 

fabrication process (Figure 3.6.4).  The devices had some small amount of sidewall tearing, but 

not enough to interfere with device function.  Unfortunately, my collaborator had issues in 

providing nanotubes with the required length.  In addition, the measured conductivity of the 

control devices was significantly lower than expected.  In conjunction with the AoL jelly 

behavior, this highlights the need for a better understanding of the PdH – material behavior. 

Therefore, I have pursued this study to enable future works. 
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Figure 3.6.4.  Successful devices from a fabrication test run without CNTs. Device 2 has a 

2µm gap between the Nafion pads, while device 10 is a control device with the Nafion 

pads intentionally connected.  Minor tearing of the Nafion occurred during parylene 

liftoff, but not enough to interfere with device function. 
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4.  Outlook 

The measurement and control of proton motion may allow dramatic new sensors and 

bioengineering capabilities.  Modifying materials like chitosan allows for complementary proton 

conducting materials, with inherent functionality.  Control of the PdH contact geometry 

expands this functionality with optional memory elements, for basic information processing 

and storage.  These PdH contacts can be formed or depleted electrochemically from solution, 

which may allow devices that function without a supply of hydrogen gas.  I have described the 

behavior of the PdH – polymer interface with high precision, allowing better design of future 

measurements.  I have discovered a natural proton conducting material used in electrosensing.  

The methods and results I describe, combined with carbon nanotube protonic devices, may 

allow the future fabrication of wholly artificial proton pores, representing the first creation of 

artificial devices for direct use in cellular systems. 
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