
Protonic Ceramic Electrochemical Cells for Hydrogen 
Production and Electricity Generation: Exceptional 
Reversibility, Stability, and Demonstrated Faradaic 

Efficiency

Journal: Energy & Environmental Science

Manuscript ID EE-ART-09-2018-002865.R1

Article Type: Paper

Date Submitted by the 
Author: 28-Nov-2018

Complete List of Authors: Choi, Sihyuk; Northwestern University, Materials Science and 
Engineering; Kumoh National Institute of Technology, Mechanical 
Engineering
Davenport, Timothy; Northwestern University, Materials Science and 
Engineering
Haile, Sossina; Northwestern University, Materials Science and 
Engineering

 

Energy & Environmental Science



1 

Protonic Ceramic Electrochemical Cells for Hydrogen Production 

and Electricity Generation: Exceptional Reversibility, Stability, and 

Demonstrated Faradaic Efficiency 

 

Sihyuk Choia,b, Timothy C. Davenporta, Sossina M. Haile*a 

 

a Materials Science and Engineering, Northwestern University, Evanston, IL, USA 
b Department of Mechanical Engineering, Kumoh National Institute of Technology,  

Gumi, Republic of Korea 

 

We demonstrate exceptional performance for steam electrolysis at intermediate 

temperatures (500-650 °C) using protonic ceramic electrolyte cells comprised of the proton-

permeable, high-activity mixed conductor PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF) as the air 

electrode, the highly proton-conductive and chemically stable perovskite oxide 

BaZr0.4Ce0.4Y0.1Yb0.1O3 (BZCYYb4411) as the electrolyte, and a composite of Ni-

BZCYYb4411 as the fuel electrode. Cells constructed from this material set have been shown 

previously to function efficiently in fuel cell mode. We demonstrate here reversible operation, 

enabling hydrogen production when excess electricity is available and immediate electricity 

generation from stored hydrogen when power demand is high. The cells are stable under 

cyclic operation and also under prolonged continuous operation in electrolysis mode, 

undergoing minimal loss in electrochemical characteristics after 500 h at 550 °C. 

Microstructurally optimized cells yield a remarkable current density of -1.80 A cm-2 at 

600 °C and an operating voltage of 1.3 V, of which, based on an electrochemically estimated 

Faradaic efficiency of 76 %, -1.37 A cm-2 contributes to useful hydrogen.  
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Introduction 

Production of electricity from solar and wind resources has risen steeply in recent years, 

accounting, for example, for 7.6 % of electricity generation in the US in 2017,1 up from just 0.8 % 

a decade earlier.2 The remarkable inroads of these renewable energy technologies is now driving 

a push to develop approaches for effectively storing and delivering the inherently intermittent 

electricity from these natural sources. While many storage strategies are under investigation, 

reversible electrochemical cells, which interchange chemical energy, in particular hydrogen, with 

electrical energy, have received only moderate attention.3 Reversible electrochemical cells 

combine the functions of electrolysis (electrochemical water splitting) and electrochemical power 

generation from fuel (fuel cell functionality), providing a storage solution that resembles, in some 

ways, rechargeable batteries. Historically, interest in chemical-electrical interconversion has 

focused on devices that function in only one direction or the other.4 In particular, electrolysis is a 

well-established commercial technology and offers the potential for generating high-purity 

hydrogen, free of carbon emissions.5-9 Similarly, fuel cells have gained traction as devices that can 

subsequently use this hydrogen in the generation of emissions-free electric power.10-12 Successful 

integration of these functions in a reversible electrochemical cell would support a long-term energy 

storage technology deployable at a scale limited only by the size of the fuel storage tanks. 

Additionally, the hydrogen produced by electrolysis using excess wind and solar power would be 

attractive for use in the transportation sector.13,14  

The overall function of a reversible electrochemical cell operating on H2O, O2, H2 and 

generating either electricity or fuel (as required) is described in generic terms in Eq. (1). 
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A key requirement for ensuring reversibility for such a device is the development of bifunctional 

catalysts. For systems operated at close to ambient temperatures, the catalytic activity must further 

be realized when the catalyst is in contact with a liquid aqueous phase or hydrated polymer.15-19 
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High temperature systems, in contrast, benefit from catalyst interaction with only gaseous species 

(largely eliminating problems of catalyst dissolution encountered in the presence of liquids) and 

from thermal energy contributions towards overcoming catalytic barriers. Furthermore, where 

hydrogen production is the primary objective, high temperature solid oxide cells are desirable 

because the electrical energy demand for electrolysis decreases with increasing temperature.9 

In recognition of their anticipated benefits for energy storage, reversible solid oxide cells have 

received increasing attention in recent years. As shown in Fig. 1 such cells may be operated using 

either an oxygen ion conducting electrolyte or a proton conducting electrolyte. When external 

electricity is applied, the mobile ion is driven across the electrolyte, releasing hydrogen at the fuel 

electrode and oxygen at the air electrode.20-25 The current density through the cell at a specified 

voltage (typically 1.3 V, close to the thermal-neutral voltage for steam electrolysis of ~1.28 V8,9) 

is generally taken as a surrogate for the hydrogen production rate. In fuel cell mode, each of the 

steps shown in Fig. 1 occurs in reverse.  

Despite the high conductivity of the electrolyte in protonic ceramic electrochemical cells 

(PCECs),26 the electrolysis performance of these systems lags far behind those of oxygen ion 

conducting electrolyte cells (OCECs). At the standard operating voltage of 1.3 V and a temperature 

of 800 °C, the current densities of state-of-the-art OCECs, Table S1, in many instances exceed (in 

magnitude) 1.0 A cm-2.20-23,27-33 Even at 600 oC Jensen et al.34 obtained an extremely 

impressive -0.92 A cm-2 from an OCEC . In contrast, the few publications that report on the 

performance of PCECs indicate, with only three exceptions, current densities of just tens of mA 

cm-2, irrespective of temperature, Table 1, Table S2.35-47 In the study by Kim et al.42, in which an 

attractive -0.75 A cm-2 was obtained at 1.3 V at 600 °C, the authors propose that the oxide 

electrolyte used in their work, in fact, transports both oxygen ions and protons, contributing to the 

high hydrogen production rates. Even recognizing this recent advance, a large disparity exists 

between the expected and realized performance of PCECs.  

A key cause of this performance gap is likely the poor activity of the air electrode for the water 

oxidation reaction: 

𝐻𝐻2𝑂𝑂 →  1
2
𝑂𝑂2 + 2𝐻𝐻+ + 2𝑒𝑒− (2) 
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A second important factor in poor performance appears to be high ohmic resistance. In PCEC 

studies employing thin electrolytes, where reported, ohmic resistances exceed by about an order 

of magnitude that expected on the basis of the electrolyte properties. For example, He et al., who 

performed electrolysis using a 20 µm thick BaCe0.5Zr0.3Y0.2O3 (BCZY53) electrolyte measured an 

ohmic resistance of 0.89 Ω cm2 at 600 oC.39 However, the expected resistance, assuming a 

conductivity of 2.0 × 10-2 Ω−1 cm-1, is only 0.1 Ω cm2. Similarly, Chen and coworkers observed an 

even larger ohmic resistance in their cell, of about 1.03 Ω cm2, despite using an even thinner, 

16 µm electrolyte of a similar material, BaZr0.8Y0.2O3 (BZY20) at the same temperature.40  

These observations motivated us to explore the behavior of our recently developed material set 

and fabrication strategy for protonic ceramic fuel cells48 in the context of electrolysis. Specifically, 

we pursue electrolysis using the electrolyte BaZr0.4Ce0.4Y0.1Yb0.1O3 (BZCYYb4411), which has 

high conductivity (amongst the highest of known proton conducting oxides), excellent chemical 

stability under CO2, and satisfactory processability. As the oxygen evolution electrocatalyst we 

employ PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF), which has high activity for oxygen electroreduction. 

This material can incorporate large quantities of H2O, supporting electro-reduction reaction via a 

double-phase boundary pathway such that the entire surface of the mixed conducting oxide is 

electrochemically active. Using these electrolyte and air electrode materials, along with a 

composite Ni-BZCYYb4411 as the fuel electrode and a fabrication methodology that addresses 

ohmic resistance losses due to poor contact between the electrolyte and air electrode, we 

demonstrate unprecedented hydrogen production rates from a reversible solid oxide 

electrochemical cell. 
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Results and discussion 

Electrochemical Cell Preparation 

As indicated in Fig. 1b, both the electrolyte and air electrode of a PCEC system operated in 

electrolysis mode are exposed to high partial pressures of steam. Accordingly, a first evaluation 

was performed to assess the stability of these components under such conditions, which are not 

generally encountered in the context of fuel cell operation. Diffraction patterns collected after heat 

treatment at 500 °C in 20 % H2O/air for 24 h, revealed the materials to be stable, with no structural 

changes within detection limits (Fig. S1).  

After confirmation that this material set, previously demonstrated to have attractive properties 

for fuel cell application, is compatible with the electrolysis environment, we prepared cells 

configured in a fuel-electrode supported arrangement. A bilayer structure comprised of a thin, ~15 

µm, layer of BZCYYb4411 supported on a relatively thick, ~300 µm,  NiO-BZCYYb4411 

electrode was first prepared by conventional ceramic processing, Fig. 2. A layer of PBSCF was 

then directly applied onto the electrolyte layer and the entire structure sintered at 950 oC for 4 h in 

air. The resulting porous air electrode was about 20 µm (Fig. 2a) thick with homogenously 

distributed and well-connected fine particles of PBSCF (Fig. 2b). At the initiation of the 

electrochemical measurement, the NiO in the composite fuel electrode was reduced to Ni by 

exposure to humidified (3% H2O) H2 at 700 oC for 4 h. 

Reversible Electrochemical Performance 

The polarization behavior obtained upon supplying 3 % H2O humidified hydrogen and 3 % H2O 

humidified air to the fuel and air electrodes, respectively, is shown in Fig. 3 for both electrolysis 

and fuel cell modes at temperatures between 500 and 650 °C. The cell behavior in fuel cell mode, 

Fig. 3b, is virtually indistinguishable to what was reported previously using analogous cells 

operated with dry air supplied to the PBSCF electrode.48 A 3 % humidification level was selected 

for these measurements after establishing that the H2O concentration supplied to the cells, within 

the range from 3 to 10 % H2O, had minimal impact on the electrochemical characteristics (Fig. 

S2). Operation of PCECs in electrolysis mode at low steam concentrations (Table 1), in contrast 

to the high concentrations required in OCECs (Table S1), is possible because the steam is supplied 
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in the former case to the relatively thin air electrode, minimizing mass transport losses resulting 

from gas-phase diffusion limitations. 

The reversibility of the cell was evaluated by cyclic operation between 1.3 V (electrolysis mode) 

and 0.7 V (fuel cell mode) at 550 oC (Fig. 3c). The cell current was measured for 2 h at each 

condition in alternating fashion. No performance degradation was detectable over the course of 12 

measurement cycles. Furthermore, at a constant voltage of 1.3 V, the current density was found to 

be exceptionally stable over the course of 500 h of continuous operation at 550 oC. (Fig. 3d) In 

light of this electrochemical stability, the absence of microstructural changes in the cell 

components, as investigated by scanning electron microscopy, is not surprising (Fig. S3). 

As discussed and quantified below, a fraction of the current that flows through the cell is due to 

electronic leakage. This is reflected in the difference between the measured and theoretical open 

circuit voltages (inset, Fig. 3a). Under the reasonable assumption that the electrolyte electronic 

leakage through protonic ceramic electrolytes does not vary dramatically between various 

compositions, polarization curves, despite overestimating the protonic current, serve as useful 

surrogates for comparing cells from different laboratories. In electrolysis mode, the I-V profiles 

obtained here reflect the highest performance reported to date. At 600 °C, the current density at 

1.3 V is -1.42 A cm-2, exceeding by 90 % the value reported by Kim et al.42 in their hybrid PCEC, 

Table 1. At 500 °C, the current density of -0.40 A cm-2 (at 1.3 V) exceeds all prior 600 °C PCEC 

results. Moreover, if even only ~50% of the current flowing through the cell is due to protons, the 

electrical characteristics are attractive in the context of higher temperature OCECs (Table S1). 

Faradaic Efficiency 

Beyond high current density at the thermal-neutral voltage, an effective electrolyzer must convert 

a high fraction of the current into hydrogen, that is, it must have high Faradaic efficiency, ηF. 

Because parasitic reactions are atypical in high temperature solid oxide electrochemical cells, it is 

common to assume 100 % Faradaic efficiency in such devices. However, electronic leakage 

through protonic ceramic electrolytes, the electronic transference number of which increase with 

increasing temperature and oxygen partial pressure,49-51 can lower this efficiency.24 

Here, the efficiency characteristics of a Ni-BZCYYb4411/BZCYYb4411/PBSCF electrolysis 
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cell were evaluated by a combination of electrochemical measurements and quantification of the 

hydrogen production by off-gas analysis using mass spectrometry (MS). To enable detection of the 

electrochemically produced hydrogen beyond that supplied to the cell, the gas at the fuel electrode 

was changed to 5 % H2 in Ar (the gas supplied to the air electrode remained 3 % H2O in air). The 

current densities measured under these conditions were only marginally lower than with 3% H2O 

in H2 supplied to the fuel electrode (compare Figs. 3a and 4a).  

Significant with respect to Faradaic efficiency is the value of the open circuit voltage (VOC). As 

is typical of protonic ceramic cells, VOC of the present experiments is detectably lower than the 

theoretical or Nernst voltage (VN) computed on the basis of the supplied gases and cell temperature, 

Fig. 4b and Table 2. This loss in voltage, which is more severe when the fuel electrode is supplied 

with 5 % H2 than 97 % H2 (consistent with the oxygen partial pressure dependence of the ionic 

transference number), is a manifestation of the electronic leakage. Thus, the Faradaic efficiency 

measurement carried out here under conditions suitable for detecting the hydrogen generation 

inherently underestimates the behavior under more realistic conditions, as addressed further below. 

At open circuit the electronic leakage is exactly balanced by the ionic flux such that the net 

current is zero. Taking the ionic flux to be purely protonic, a reasonable assumption here because 

oxide ionic conductivity is low in protonic ceramic oxides at these temperatures and because there 

is no steam supplied to the fuel electrode, the flux balance is expressed as 

 OC OC
H eI I+ −= −   (3) 

where 
HI +   and 

eI −   are the protonic and electronic current densities, respectively, and the 

superscript OC indicates the open circuit condition. Implied in this expression is a net loss of 

hydrogen from the fuel to air electrode at open circuit. Furthermore, it is evident that the Faradaic 

efficiency, εFaradaic, defined as measH /I I+ , tends to -∞ at these conditions.  

The hydrogen leakage rate under open circuit conditions can be estimated from a measurement 

of the open circuit voltage, Fig. 4b, and the zero-bias electrochemical impedance, Fig. S4. The 

voltage, Vcell, across an electrochemical cell with a mixed ion and electron conducting electrolyte, 

is given as 
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 cell N C A HV V η η η += − − −        (4) 

where the η terms are the overpotentials associated with the anode, cathode and electrolyte, 

respectively. Such a cell can be represented, to a first approximation, by an equivalent circuit with 

parallel ionic and electronic rails, Fig. S5,52,53 and these voltage drops are accumulated across the 

ionic rail. In the linear (small current) regime, expression (4) can be written as  

 total
cell N H HV V I R+ += +   (5) 

where  

 total bulk contact
CH H HAR R R R R+ + += + + +  (6) 

and is the sum of the ionic resistance losses due, respectively, to the cathode, anode, bulk 

electrolyte, and ionic contacts. The first two resistance terms are lumped hereafter into a total 

polarization resistance, RP, and the latter two into an ionic resistance term, 
HR + . 

Consideration of the electronic rail implies an open circuit voltage of 

 OC
OC e eV I R− −= ⋅  (7) 

where the electronic resistance, 
eR − , similar to the ionic resistance, includes both the resistance to 

bulk transport and any contact resistances. Noting the equality of the ionic and electronic fluxes at 

open circuit then yields 

 OC
OC H eV I R+ −= − ⋅  (8) 

Equating (5) at open circuit with (8) gives 

 ( )OC
N PH H eV I R R R+ + −= − ⋅ + +  (9) 

which then implies the familiar result54 

 OC e

N P H e

RV
V R R R

−

+ −

=
+ +

 (10) 
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From impedance measurements one obtains two relevant resistance terms. The first is the high 

frequency ohmic offset 

 { } e H
ohmic

H e

lim
R R

Z R
R Rω

− +

+ −→∞
= =

+
 (11) 

where Z is impedance and ω is frequency. ohmicR  largely reflects the bulk transport processes 

which occur in parallel with one another. The second term is the impedance in the DC limit 

 { } ( )Pe H
DC0 Pe H

lim
R R R

Z R
R R Rω

− +

− +→

+
= =

+ +
 (12) 

which reflects the sum of all of the parallel and series resistance terms. Combining (10) and (12), 

one obtains an expression for the electronic resistance under open circuit conditions 

 DC
e

OC1
N

RR V
V

− =
−

 (13) 

a result which appears to have been first reported by Liu.53 From (11) and (13), 
HR + is readily 

determined, which can then be combined with (12) to determine PR  . Furthermore, with the 

electronic resistance 
eR −   known, the leakage under open circuit conditions is given from (8). 

Explicitly, combining Eqs. (8) and (13) yields 

 
+

OC OC OC
H

DC
1

N

V VI
R V

 −
= − 

   (14) 

Performing such an analysis for the cell represented in Fig. 4, Table 2, indicates mean protonic 

transference numbers (
H H H e/ ( )t σ σ σ+ + + −= + ) ranging from 0.985 at 500 °C to 0.936 at 650 °C. 

Despite the dominance of the protonic species, the leakage current at 650 °C is 0.268 A cm-2 (or 

1.9 ml min-1 cm-2), which falls to 0.036 A cm-2 at 500 °C (or 0.25 ml min-1 cm-2). Although these 

currents are relatively large, the fraction of hydrogen lost to leakage is rather small, amounting to 

0.35 % at 650 °C and just 0.05 % at 500 °C of the 150 ml min-1 of the hydrogen supplied to the 

fuel electrode. Moreover, as expected, the ionic transference number is slightly higher under more 

Page 9 of 28 Energy & Environmental Science



10 

realistic conditions with high pH2 at the fuel electrode, Table S3.  

Away from open circuit, if the cell components behave linearly, the ionic current is given, by 

rearranging (5): 

 cell N
H

P H

V VI
R R

+

+

−
=

+
  (15) 

The total or measured current, in contrast, is set by the difference between the cell voltage and VOC: 

 ( )meas cell OC
DC Pe H

1 1VI V V
R R R R− +

 ∆
= = − +  + 

 (16) 

In practice, the electrode response is expected to be nonlinear. A possible additional contributor to 

nonlinearity is oxidation of the electrolyte, particularly at the air electrode, where polarization 

losses are expected to be greatest. Such oxidation would enhance the electronic leakage which 

occurs as a result of p-type conductivity.49 Nevertheless, these expressions provide a valuable 

estimate of the impact of the various electrical terms on the Faradaic efficiency and provide a 

reference for comparison to the measured Faradaic efficiencies. 

A trace of the hydrogen detected under different voltage conditions, Fig. 4d and Fig. S6, reveals 

that the protonic current is substantially lower than the total current, Fig. 4a, and accordingly the 

Faradaic efficiency, Fig. 4e, is measurably lower than 100 %, ranging from 40 to 75 % over the 

measurement conditions examined here. Moreover, this efficiency is independent of the gas flow 

rate, as expected for losses due to electronic conductivity in the electrolyte as opposed to gas leaks 

across the cell. The protonic current in Fig. 4a is taken to be zero at the Nernst potential, as required 

on thermodynamic grounds. Consistent with Eqs. (14) and (15), the measured Faradaic efficiency 

generally rises with increasing voltage, reaching a value of almost 75 % at 1.3 V at 500 °C. The 

turn-over at high voltage at 600 °C is attributed to oxidation of the electrolyte, as evidenced by a 

decrease in Rohmic upon application of bias (not shown). In an absolute sense, the measured values 

are in reasonable agreement with the predictions based on the open circuit electrical properties. 

The agreement implies it possible to estimate Faradaic efficiency using electrochemical 

measurements alone and in particular when the fuel electrode is exposed to 97 % H2 and hydrogen 

production is difficult to directly observe. We estimate that the Faradaic efficiencies are ~ 10 % 

Page 10 of 28Energy & Environmental Science



11 

higher under the more reducing conditions, Table S3, rising from 77 % at 650 oC to 87 % at 500 
oC for an operating voltage of 1.3 V. Moreover, deviation from the theoretical curves as a 

consequence of electrolyte oxidation under bias is also likely to be less detrimental to ηF under 

high pH2 rather than under low pH2 conditions. 

Literature values quoted for Faradaic efficiency of PCECs operated at 600 oC and 1.3 V 

generally range from 65 to 95 %.35,36,40 However, these values may be overestimated due to the 

challenges of detecting a small increase in gas hydrogen concentration (during electrolysis) over a 

large background (as already present in the gas supplied to and flowing past the fuel electrode). In 

a recent study by Huan et al., instead of hydrogen production, the oxygen generated at the air 

electrode was measured.41 Such an approach has the benefit of eliminating the large background 

signal inherent to measurements of hydrogen production, however, Faradaic efficiencies are 

expected to be somewhat overestimated relative to operational conditions as a consequence of the 

relatively reducing conditions at the air electrode. Despite the latter effect, values of ηF in the range 

of 20~40 % were recorded at 700 oC, reflecting high electronic leakages encountered in PCECs 

during high temperature operation in electrolysis mode. The result underscores the critical advance 

of developing air electrodes that have high activity at 600 °C and even lower. 

Related to Faradaic efficiency is the steam-to-hydrogen conversion rate. Significantly, despite 

increases in electronic leakage, the conversion, Fig. 4f, monotonically increases with temperature 

(and voltage) at fixed steam flow-rate, up to the maximum temperature at which hydrogen 

production was measured (600 °C). The behavior is a result of the enhanced ion transport and 

electrocatalysis rates, which overwhelm the enhanced electron hole transport as temperature is 

increased. In large-scale OCEC stack testing, steam-to-hydrogen conversion rates are typically 

fixed at ~50 %,54 which presumably balances the energy cost of heating large quantities of steam 

against the electrochemical performance losses at low reactant concentrations. While the highest 

conversion here was ~19 %, one can readily anticipate higher conversion simply by increasing cell 

voltage and/or decreasing steam flow-rate.  

Ultimately, overall energy storage efficiency is likely to be a decisive factor for electrolysis 

technology adoption. In an electrochemical system comprising a stack of multiple reversible cells, 

this efficiency will depend not only on material properties and operating conditions, but also on 
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device configuration. In particular, thermal management will surely play a key role. A recent 

analysis suggests that state-of-the-art oxide based systems, with cells of much poorer 

electrochemical characteristics than those demonstrated here, but negligible electronic leakage, 

can deliver round-trip efficiencies of 55-60 %, with theoretical efficiencies, assuming tight thermal 

integration, approaching 100 %.55 These efficiency metrics, in combination with the flexibility of 

chemical energy storage, render reversible oxide electrochemical cells with the performance 

metrics obtained here intriguing technologies for integration with intermittent, carbon-free 

electricity sources. 

Cell Design and Characteristics of the Air Electrode 

While the intrinsic chemical properties of the electrode and electrolyte materials are expected to 

be the key factors in the high performance of our reversible PCECs, differences in cell fabrication 

procedures can have profound influence on polarization behavior. Thus, it is critical to both assess 

reproducibility and exploit fabrication techniques known to provide performance advantages. In 

particular, we have previously shown that application of a thin dense layer of the air electrode 

material between the electrode and the porous air electrode can significantly improve contact 

between these two components, decreasing cell ohmic resistance. Here, four cells without, Fig. S7, 

and three cells with, Fig. S8, a ~100 nm thin PLD layer were compared, and results from a 

representative PLD-modified cell are presented in Fig. 5. The variation in current density at any 

given voltage between cells of the same type was less than 20 %, whereas the current density was 

higher, on average, for the PLD-modified cells by a remarkable 30 %. The beneficial impact of the 

PLD layer on the ohmic resistance and its negligible impact on the electrochemical reaction 

resistance were moreover confirmed (Fig. S9). The current density at 600 °C and 1.3 V, of almost 

2 A cm-2, far exceeds, by more than a factor of two, any prior result obtained using a protonic 

ceramic electrolyte (Table 1). Accounting for an estimated Faradaic efficiency of 76 %, Table S3, 

the protonic current density at these conditions is 1.36 A cm-2, far exceeding the performance of 

electrolysis cells operated at this temperature using either proton conducting or oxygen ion 

conducting electrolytes (Table S1). Significantly, long-term cell stability was maintained in the 

PLD-modified cells over the course of a 300 h measurement as evidenced both by the unchanging 

current density, Fig. 5b, and absence of microstructural evolution (Fig. S10). 
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To provide a direct comparison to other air electrode materials, cells in which the PBSCF air 

electrode was replaced with other known solid oxide fuel cell (SOFC) cathode materials were 

prepared. Candidates examined were Sm0.5Sr0.5CoO3-δ (SSC), La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF), and 

La0.8Sr0.2MnO3-δ (LSM). Based on an initial screening for chemical compatibility, SSC was 

eliminated due to its reactivity with BZCYYb4411, Fig. S11. The polarization characteristics of 

cells fabricated with LSCF or LSM (Fig. S12) reveal that the PBSCF electrode, rather than cell-

to-cell variations or differences in fabrication procedures between different laboratories, is indeed 

the major factor in the high performance of the cells of the present work, in both fuel cell and 

electrolysis modes (Fig. 6). The electrolysis current densities, for example, are almost an order of 

magnitude lower using these alternative electrodes than they are for cells incorporating PBSCF, 

Table 1. It is noteworthy that PBSCF has been recently found to display excellent activity for 

oxygen evolution even in room-temperature aqueous cells, comparable to that of IrO2.56 

 

Concluding Remarks 

We demonstrate record performance for steam electrolysis using protonic ceramic electrolyte cells. 

Introduction of a dense layer of the air electrode material between the electrolyte and the porous 

air electrode by PLD dramatically decreased the cell ohmic resistance, resulting in an increase in 

current density in electrolysis mode of 30 %. The Faradaic efficiency as measured under low 

hydrogen supply ranged from 40 to 75 % at 1.3 V, while the electrochemical characteristics of the 

cells under high hydrogen supply imply ηF values in the range of 74 to 87 % for realistic 

electrolysis operational conditions. Even accounting for the current loss due to electronic leakage, 

estimated hydrogen production rates at 1.3 V of 15.0 and 9.5 ml min-1 cm-2 were obtained at 650 

and 600 oC, respectively.  

The excellent performance of the Ni-BZCYYb4411/BZCYYb4411/PBSCF protonic ceramic 

electrochemical cell of this work is attributed to the activity of the PBSCF air electrode towards 

the oxygen evolution and reduction reactions, whereas the depressed Faradaic efficiency is 

attributed to electronic leakage through the BZCYYb4411 electrolyte. The excellent stability in 

electrolysis mode is attributed to the absence of steam, an otherwise corrosive agent, at the fuel 
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cell electrode, and the absence of oxygen bubble formation in the vicinity of the air electrode, as 

can occur for an oxygen ion conducting electrolyte. Operability at low steam concentrations is 

attributed to the minimal H2O gas-phase diffusion resistance through the thin air electrode suggests 

that high steam-to-hydrogen conversion ratios will be possible upon optimization of system 

parameters.  

In addition to enabling electrolysis at more moderate temperatures (400-650 oC)26 than a cell 

relying on an oxygen ion conductor (typically 700-900 oC),20-23,27-34 the protonic ceramic 

electrochemical cell (PCEC) offers distinct operational advantages. In particular, the H2O 

concentration at the fuel electrode, whether the device is operated in fuel cell mode or in 

electrolysis mode, can be negligible. In fuel cell mode this implies that the hydrogen fuel does not 

become diluted during operation, and thus, unspent fuel is easily recycled, a benefit that is well-

recognized.9,26,57 In electrolysis mode, absence of steam at the fuel electrode avoids mass transport 

limitations through the structure-supporting fuel electrode, while also generating tremendous 

benefit in terms of material stability. By far the most commonly employed electrocatalyst in the 

fuel electrode of both oxide ion conducting and protonic ceramic electrolytes is Ni. However, Ni 

suffers from oxidation and irreversible agglomeration under high partial pressures of steam, 

causing serious performance degradation in continuous electrolysis operation.58,59 These 

degradation modes can be expected to be absent in PCEC systems. Another benefit may arise from 

the manner in which the mobile species are evolved from the electrolyte. In the case of the OCEC, 

oxygen evolution at the interface between the electrolyte and the air electrode causes delamination 

and eventual cell failure.60,61 Such a mechanism is not expected to be operative when hydrogen is 

evolved, suggesting a stability benefit to the air electrode from PCEC implementation in addition 

to the stability benefit accrued at the fuel electrode. Consistent with these anticipated PCEC 

benefits, no degradation in cell current density was observed in our 

PBSCF/BZCYYb4411/BZCYYb4411+Ni cells after 500 h of electrolysis at 1.3 V and 550 oC.  
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Fig. 1 Schematic images of water splitting by electrolysis. (a) using an O2- conducting electrolyte in an 

OCEC and (b) using a H+ conducting electrolyte in a PCEC.
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Fig. 2 Scanning electron microscopy images of NiO+BZCYYb4411/BZCYYb4411/PBSCF (fuel 

electrode/electrolyte/air electrode) electrochemical cells. (a) Cross-sectional image showing 15 m 

thick, dense electrolyte and porous PBSCF supported on porous fuel electrode. (b) PBSCF air electrode 

showing retention of porosity after high temperature processing.
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Fig. 3 Electrochemical characteristics of a representative Ni+BZCYYb4411/BZCYYb4411/PBSCF 

conventional cell operated with humidified (3 % H2O) H2 and humidified air supplied respectively to 

the fuel and air electrodes. (a) Polarization curves spanning both electrolysis and fuel cell modes. (b) 

Polarization and power density curves for fuel cell mode. (c) Continuous cyclic operation between 

electrolysis (@ 1.3 V) and fuel cell mode (@ 0.7 V) at 550 °C. (d) Temporal evolution at 550 °C of the 

current density in electrolysis mode at a fixed voltage of 1.3 V showing good stability.
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Fig. 4. Measurement of Faradaic efficiency for electrolysis of a representative 
Ni+BZCYYb4411/BZCYYb4411/PBSCF conventional cell operated with a low concentration of dry 
H2 (5%, balance Ar) supplied to the fuel and humidified (3% H2O) air supplied to the air electrode. (a) 
Polarization curves by total current (closed symbol) and only proton current (open symbol) (b) 
Measured and Nernst OCV as a function of temperature (c) Ohmic resistance and DC resistance under 
OCV condition. (d) Measured hydrogen production rates at 500 °C and at the voltages indicated. (e) 
Measured and calculated Faradaic efficiency as a function of applied voltage at several temperatures as 
indicated and with a change in flow rate, where the default flow rate is 150 ml min-1 and error bars are 
derived from the time-averaging of the data in (d). (f) Steam-to-hydrogen conversion rate in various 
temperatures and applied voltages.
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Fig. 5. Electrochemical characteristics of a representative Ni+BZCYYb4411/BZCYYb4411/PBSCF 

PLD/PBSCF PLD-modified cell operated with humidified (3 % H2O) H2 and humidified air supplied 

respectively to the fuel and air electrodes. (a) Polarization curves spanning both electrolysis and fuel 

cell modes. (b) Temporal evolution at 550 °C of the current density in electrolysis mode at a fixed 

voltage of 1.3 V showing good stability.
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Fig. 6. Summary of electrochemical performance of various air electrode materials in both (a) 

electrolysis mode and (b) fuel cell mode. The error bars for the PBSCF air electrode data are based on 

the averaging of all measurements in Fig. S7 and S8, and reflect the high level of reproducibility.
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Table 1. Performance of electrolysis cells based on a proton conducting (H+) electrolyte at 600 oC

Inlet Gas composition

Ref.

Cell configuration

(Air electrode/Electrolyte (Thickness)/ 

Fuel electrode)

For air 

electrode

For fuel 

electrode

OCV/EN 

(V)

Current 

density

@ 1.3V

(A cm-2)

(35) SSC/BZCY44(1500 m)/
Pt

Air
(20 % H2O)

5 % H2/Ar
(3 % H2O)

1.02/0.99 -0.01

(36) LSC-BZCYbCo/BZCYbCo(45 m)/
Ni-BZCYbCo

Air
(30 % H2O)

10 % H2/He 0.98/1.00 -0.03

(37) LSCF-BZY10/BZY10 (15 m)/
Ni-BZY10

Air
(3 % H2O)

4 % H2/Ar 0.86/1.02 -0.05

(38) LNO-BCZD/BCZD (30 m)/
Ni-BCZD

Air
(90 % H2O)

97 % H2

(3 % H2O)
0.96/1.00 -0.16

(39) SSC-BCZY53/BCZY53 (20 m)/
Ni-BCZY53

Air
(50 % H2O)

100 % H2 0.97/1.03 -0.17

(40) SFM-BZY20/BZY20 (16 m)/
Ni-BZY20

Air
(3 % H2O)

10 % H2/N2 0.86/1.04 -0.19

(41) SEFC-5wt% BCZY35/BCZY35(15 m)/
Ni-BCZY35

Air
(10 % H2O)

97 % H2

(3 % H2O)
0.99/1.06 -0.42

(42)
NBSCF-BZCYYb1711/

BZCYYb1711 (20 m)/ Ni-BZCYYb1711
Air

(10 % H2O)
90 % H2 

(10 % H2O)
1.04/1.06 -0.75

(43) BSCF-BCZY62/BCZY62 (10-15m)/
Ni-BCZY62

Air
(2.76% H2O)

50 % H2

(2.76% H2O)
1.05/1.07 -1.05

This 
work

PBSCF/BZCYYb4411 (15 m)/
Ni-BZCYYb4411 (conventional)

Air
(3 % H2O)

97 % H2 
(3 % H2O)

1.05/1.08 -1.42

This 
work

PBSCF/PBSCF PLD/BZCYYb4411 (15 m)/
Ni-BZCYYb4411 (PLD-modified)

Air
(3 % H2O)

97 % H2 
(3 % H2O)

1.03/1.08 -1.92

This 
work

PBSCF/BZCYYb4411 (15 m)/
Ni-BZCYYb4411 (conventional)

Air
(3 % H2O)

5 % H2/Ar 0.92/1.03 -1.31

This 
work

LSCF/BZCYYb4411 (15 m)/
Ni-BZCYYb4411 (conventional)

Air
(3 % H2O)

97 % H2 
(3 % H2O)

1.06/1.08 -0.70

This 
work

LSM/BZCYYb4411 (15 m)/
Ni-BZCYYb4411 (conventional)

Air
(3 % H2O)

97 % H2 
(3 % H2O)

1.04/1.08 -0.65

For air electrode

SSC = Sm0.5Sr0.5CoO3-; LSCF = La0.6Sr0.4Co0.2Fe0.8O3-; LNO = La2NiO4+; SFM = Sr2Fe1.5Mo0.5O6-; 
SEFC = SrEu2Fe1.8Co0.2O7-; NBSCF = NdBa0.5Sr0.5Co1.5Fe0.5O5+; BSCF = Ba0.5Sr0.5Co0.8Fe0.2O3- 
PBSCF = PrBa0.5Sr0.5Co1.5Fe0.5O5+; LSM = La0.8Sr0.2MnO3-;

For electrolyte

BZCY44 = BaZr0.4Ce0.4Y0.2O3; BZCYbCo=BaCe0.48Zr0.40Yb0.10Co0.02O3; BZY10 = BaZr0.9Y0.1O3; 
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BCZD = BaCe0.5Zr0.3Dy0.2O3; BZCY53 = BaZr0.5Ce0.3Y0.2O3; BZY20 = BaZr0.8Y0.2O3; BCZY35 = BaCe0.3Zr0.5Y0.2O3; 
BZCYYb1711 = BaZr0.1Ce0.7Y0.1Yb0.1O3; BCZY62 = Ba0.98Ce0.6Zr0.2Y0.2O3; BZCYYb4411 = BaZr0.4Ce0.4Y0.1Yb0.1O3,

Table 2. Electrochemical characteristics of representative protonic ceramic electrochemical cells 

under open circuit conditions: VN is the computed Nernst voltage; VOC, Rohmic, and RDC are measured 

values of, respectively, the open circuit voltage, the high frequency resistance, and the resistance in the 

low frequency limit; , , , and  are, respectively, the computed electronic resistance, eR  HR  PR OC
HI 

protonic resistance, polarization resistance, and ionic leakage current. Cells are measured with 5% 

hydrogen, balance argon, supplied to the fuel electrode and 3% H2O humidified synthetic air supplied 

to the air electrode.

T, 

C

VN, 

V

VOC, 

V

Rohmic, 

cm2

RDC, 

cm2

, eR 

cm2

, HR 

cm2

Ht  , PR

cm2

, OC
HI 

Acm-2

650 0.99 0.87 0.21 0.41 3.24 0.22 0.94 0.25 0.27

600 1.02 0.92 0.27 0.56 5.71 0.28 0.95 0.34 0.16

550 1.05 0.96 0.34 0.88 10.2 0.35 0.97 0.61 0.09

500 1.08 1.01 0.42 1.83 28.3 0.43 0.99 1.53 0.04
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Broader context

Production of electricity from intermittent solar and wind resources has risen steeply in recent 

years, creating an urgent need for efficient energy storage. Reversible electrochemical cells 

enable interconversion between electrical and chemical energy, in particular hydrogen, 

implying a facile route for meeting this challenge. In electrolysis, or water splitting, mode such 

cells convert electricity into readily stored, long-lived and transportable chemical fuel, whereas 

in fuel cell mode the cell produces electricity on demand with zero emissions. Despite 

increasing efforts, reversible and efficient operation of such electrochemical cells has remained 

elusive. Here, we demonstrate excellent performance and durability upon reversible operation 

of a cell incorporating a proton-permeable, high-activity mixed conducting oxide as the air 

electrode, a highly proton-conductive and chemically stable perovskite oxide as the electrolyte, 

and a composite of Ni and the electrolyte as the fuel electrode. Microstructurally optimized 

cells yield a remarkable current density of -1.80 A cm-2 at 600 C and 1.3 V, with an estimated 

Faradaic efficiency of 76 %. The operational conditions of protonic ceramic cells, including 

the absence of liquid water and the absence of steam at the Ni-bearing electrode, provide 

inherent advantages in electrolysis mode over competing systems.

Page 28 of 28Energy & Environmental Science


