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HIGHLIGHTS
Superprotonic CsH,PO4 enables

electrochemical cell operation at
250°C

Ammonia decomposition catalyst
integrated with hydrogen
electrooxidation catalyst

Ammonia converted to hydrogen
with 100% faradic efficiency

Hydrogen production rate of
1.5 mol per gram catalyst per hour
at 0.4 V bias

Pure hydrogen : 9 %0
produced
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Ammonia has received increasing attention in recent years as an enabler of a
sustainable energy future, in particular, as a carrier of hydrogen for use in fuel cells.
Using superprotonic CsH,PO,4 and a bilayer cathode structure, we show ammonia-
to-hydrogen conversion with 100% faradic efficiency. Cs-promoted Ru serves as
the ammonia decomposition catalyst, whereas Pt serves as the hydrogen
electrooxidation catalyst and also as the hydrogen evolution catalyst at the anode.
Zero ammonia crossover and zero side reactions result in an ultrahigh-purity
product.
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SUMMARY

Production of high-purity hydrogen by thermal-electrochemical
decomposition of ammonia at an intermediate temperature of
250°C is demonstrated. The process is enabled by use of a solid-
acid-based electrochemical cell (SAEC) in combination with a bilay-
ered anode, comprising a thermal-cracking catalyst layer and a
hydrogen electrooxidation catalyst layer. Cs-promoted Ru on car-
bon nanotubes (Ru/CNT) serves as the thermal decomposition cata-
lyst, and Pt on carbon black mixed with CsH,PO, is used to catalyze
hydrogen electrooxidation. Cells were operated at 250°C with hu-
midified dilute ammonia supplied to the anode and humidified
hydrogen supplied to the counter electrode. A current density of
435 mA/cm? was achieved at a potential of 0.4 V and ammonia
flow rate of 30 sccm. With a demonstrated faradic efficiency for
hydrogen production of 100%, the process yields hydrogen at a
rate of 1.48 moly,/gcath.

INTRODUCTION

Hydrogen has been proposed as an energy carrier in a sustainable energy future.
When coupled with fuel cells, the energy content is converted on demand and
with high efficiency into useful work, with water being the only emission generated
at the point of use.' However, hydrogen has a low volumetric energy density, a low
flash-point, and lacks a wide infrastructure for its storage and transport.”* These
challenges have led national governments to reconsider early commitments to
hydrogen fuel cells.® Thus, realization of the potential environmental benefits of
fuel cell technology is likely to rely on the identification of viable solutions to
hydrogen storage and delivery. Ammonia has recently been suggested as an ideal
candidate to act as a hydrogen vessel.®? The molecule is lightweight, relatively
much less flammable, easily liquefiable, commercially produced at high volume,
and can make use of an existing delivery infrastructure.'® Furthermore, although
most ammonia production today utilizes hydrogen derived from natural gas and
hence contributes to green-house gas emissions, cycling between stored hydrogen
in ammonia and retrieved hydrogen can, in principle, be done without producing
additional emissions.

The retrieval of hydrogen stored in ammonia is described by the decomposition
reaction

1 3
NH3 - ENQ +§H2

This reaction is mildly endothermic at standard conditions with A, H® =
45.9 kJ/mol'"; under standard pressure it proceeds spontaneously at temperatures

(Equation 1)
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Context & Scale

Ammonia has received increasing
attention in recent years as a
possible energy carrier, in
particular, as a carrier of hydrogen
foruse in fuel cells. The traditional
approach of thermal
decomposition suffers from high
concentrations of residual
ammonia, which poison the
catalysts in polymer electrolyte
membrane fuel cells, whereas
newer strategies based on
electrochemical decomposition in
aqueous solution operate at high
overpotentials, implying low
efficiency. Our approach
integrates a thermal
decomposition catalyst (Cs-
promoted Ru on carbon
nanotubes) with an all-solid-state
electrochemical conversion cell
(based on the proton-conducting
electrolyte, CsH,PQOy) in a device
that is operable at 250°C. The
resulting polarization curves
indicate high current density at a
modest voltage (far beyond what
can be attained from alkali
electrolyte cells), as well as
catalyst utilization efficiency that
far exceeds traditional thermal
decomposition.
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greater than 183°C. Achieving high conversion, however, requires high tempera-
tures, typically beyond ~400°C, to overcome the twin challenges of thermodynamic
limitations and kinetic barriers.'? Residual ammonia in the fuel stream resulting from
incomplete conversion is, in turn, highly detrimental to polymer electrolyte mem-
brane fuel cells, the catalysts of which can tolerate no more than ~0.1 ppm
NHs."*'* As an alternative to high-temperature thermal decomposition, electro-
chemical decomposition of ammonia holds potential for production of high-purity
hydrogen at near ambient conditions and with high conversion rates. To date, elec-
trocatalytic approaches, which have largely employed aqueous alkali electrolytes,
have required high operating potentials, implying poor energy efficiency, and
have suffered from catalyst deactivation over time."™'® Accordingly, innovations
in ammonia-to-hydrogen conversion are required if ammonia is to provide hydrogen
on demand and serve as a flexible energy delivery medium.

Here, we pursue a hybrid thermal-electrochemical approach to the ammonia
conversion reaction at an intermediate temperature of 250°C, with the aim of
simultaneously addressing the NH; impurities in the hydrogen produced by high-
temperature thermal decomposition and the low conversion efficiency of ambient
temperature electrolysis. As the thermal decomposition catalyst, we employ Cs-pro-
moted Ru on carbon nanotubes (Ru/CNT). This material is among the few catalysts to
show substantial activity for ammonia decomposition at the low temperature of
interest."’~?! As the electrochemical component, we employ a cell based on the pro-
ton-conducting electrolyte, cesium dihydrogen phosphate (CDP), a solid acid com-
pound that has long been exploited in intermediate temperature solid acid fuel cells
(SAFCs)?>?? and is non-reactive with NHs (Figure S1). The electrocatalyst is Pt, which
has demonstrated high tolerance to fuel impurities at the operation temperature of
250°C (for example, up to 20% CO??), suggesting electrochemical functionality even
in the presence of residual NHs. By integrating the thermal decomposition with elec-
trochemical removal of hydrogen from the reaction zone, we aim to overcome ther-
modynamic limitations otherwise imposed by product accumulation.

The overall configuration of the ammonia decomposition cells is presented in Fig-
ure 1. The internal thermal-cracking catalyst layer (TCL), Figures S2-S4, is placed
adjacent to the hydrogen oxidation electrocatalyst layer (EL), which is, in turn, adja-
cent to the CDP electrolyte. The entire structure, which includes a hydrogen evolu-
tion electrocatalyst layer at the counter electrode, is placed between stainless steel
mesh current collectors. The configuration is analogous to that used in direct meth-
anol SAFCs”* and other fuel cells operated on complex (non-hydrogen) fuels.?

RESULTS AND DISCUSSION

Using three distinct cells to assess reproducibility, we first checked for leakage
through the electrolyte membrane by measuring the open circuit voltage (OCV)
with dilute H, supplied to the working electrode. The recorded voltages of 72, 73,
and 73 mV were consistent with the value of 73 mV implied by the Nernst equation:

(Equation 2)

where R is the universal gas constant, T is temperature, and p}/f and pfF are the
respective hydrogen partial pressures at the working and counter electrodes. The
agreement between the Nernst and measured values demonstrates not only the
absence of gas leaks but also the high ionic transference number of CDP. We then
assessed the electrochemical characteristics under open circuit conditions by
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Figure 1. Schematic of the Hybrid Thermal-Electrochemical Cell for On-Demand Ammonia-to-
Hydrogen Conversion

The thermal cracking layer (TCL) is adjacent to the hydrogen electrocatalyst layer (EL), which is, in
turn, adjacent to a membrane of the solid-state proton conductor, CDP.

impedance spectroscopy, Figure S5. The measured ohmic losses of 0.24-0.26 Qcm?
were comparable with the expected value of 0.25 Qcm? for the 50 um-thick electro-
lyte with conductivity of 2.0 x 1072 S/cm at 250°C.%331:32

Polarization curves obtained under ammonia flow revealed excellent activity for
ammonia decomposition, Figure 2A, as well as excellent cell-to-cell reproducibility,
Table 1. The coincidence of the curves for the low NH3 condition, measured before
and after exposure to high NHj, indicated good stability. A slight loss in perfor-
mance, amounting to a 5%-6% decline in current density, could be due to the
migration of the Cs promotor away from optimal sites in the Ru-Cs/CNT catalyst.
Significantly, as expected for a solid-state electrolyte displaying pure protonic con-
duction, the faradic efficiency for hydrogen production was 100%, Figure 2B, and the
generated hydrogen was free of impurities, Figure S6. Moreover, the data immedi-
ately revealed that substantially higher current densities were obtained upon sup-
plying humidified NHj3 than dilute, humidified Hj, implying that electrochemical
splitting of H,O, which is in any case thermodynamically unfavorable, does not
contribute to the observed currents. Accordingly, in Figure 2C the implied
ammonia-to-hydrogen conversion rates are shown, which were computed from
the ammonia supply rates in conjunction with the 100% faradic efficiency observa-
tion. The possibility of reaction of NH3 with H,O during the ammonia oxidation re-
action to form oxidized nitrogen (which would not impact the current efficiency for
hydrogen production or hydrogen purity but would nevertheless be detrimental)
was eliminated by chemical analysis of the anode side exhaust gas, Figure S7.

The voltages obtained under open circuit conditions were 78 + 1 and 68 + 4 mV (as
averaged across the three cells), for the respective ammonia partial pressures of 0.4
and 0.6 atm. Inverting the Nernst relationship, these voltages imply hydrogen partial
pressures at the working electrode of 0.019 and 0.033 atm, respectively. From this,
we computed respective chemical ammonia-to-hydrogen conversion rates of
3.4% £ 0.1% and 3.5% =+ 0.7% at the two ammonia concentrations. These values
are generally in line with the results reported by Hill et al. (2%-10% conversion) for
similar catalyst materials, with the precise value depending on Cs and Ru loadings. "’
Even for identical loadings, differences are expected due to differences in precursor

types, deposition methods, CNT source, and gas flow conditions. The general
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Figure 2. Electrochemical Characteristics of Hybrid Thermal-Electrochemical Cells Designed for
On-Demand Ammonia-to-Hydrogen Conversion

(A) Polarization curves obtained upon supply of the gases indicated, along with computed H,
production for 100% faradic efficiency.

(B) Measurement of H; evolved from cathode demonstrating 100% faradic efficiency.

(C and D) Implied NH3 to H, conversion in (A) upon supply of the gases indicated (C); and
comparison of polarization curves of bilayer electrode and single component electrodes, as
indicated, under supply of 0.4 atm pNHj3 (D). Data of bilayer-electrode cells are the averages from
three distinct cells. (T = 250°C; supply to anode: 0.38 atm pH,O, balance Ny; supply to cathode:
0.62 atm pH,, balance H,0). Error bars in (A), (C), and (D) are from averaging the data from these
three cells. Error bars in (B) are from the uncertainty in the calibration of the mass spectrometer.

agreement between the results suggests that poisoning of Ru by H,O, present in
high concentration in this experiment and absent in Hill's work,"” does not substan-
tially interfere with ammonia decomposition at 250°C.

Away from open circuit conditions, the current rises under both ammonia and dilute
hydrogen with a relatively low overall cell resistance, indicating rather moderate and
similar overpotentials. Because the hydrogen partial pressures are similar between
the three conditions (pH, = 0.024, 0.019, and 0.033 atm, respectively, in dilute
hydrogen and at OCV in dilute and concentrated ammonia), the similarities in IV char-
acteristics indicate that poisoning of the Pt electrocatalyst by unreacted NHj is negli-
gible. This is further corroborated by the impedance results, which indicate similar
electrochemical reaction resistance for the supply of dilute H, and of NH; under
OCV conditions, Figure S5. These resistance values range from 0.16 to 0.19 Qcm.?

With increasing current and voltage, the IV curves deviated from linearity and from
one another. The concavity of the curves is suggestive of mass transport limitations
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Table 1. Summary of Electrical Characteristics of Three Independent Cells for Ammonia-to-
Hydrogen Electrochemical Conversion

At 0.4 pNH;  Current Density (mA/cm?  At0.6 pNH3;  Current Density (mA/cm?)

at Voltage Indicated at Voltage Indicated
Cell No. OCV (V) 0.15V 0.3V OCV (V) 0.15V 0.3V
1 78 126 280 63 173 365
2 78 137 299 67 163 356
3 78 142 299 69 173 367
Ave 78 £ 1 135 £ 8 293 £ 11 68 + 4 170 £ 6 363 + 6

rather than Bulter-Volmer reaction kinetic limitations. In the case of dilute hydrogen,
the IV curve plateaus relatively sharply at a current density corresponding to ~90% of
the limiting value. This is consistent with the supposition that depletion of hydrogen
is responsible for the declining rate of increase in cell current density and that H,O
electrolysis does not occur under these conditions. Under ammonia, the IV curves
followed a much more gradual change in slope. Moreover, the maximum current
densities achieved (382 and 480 mA/cm? at low and high pNH3, respectively) at
the maximum measurement voltage of 0.47 V were only 12% and 10% of the respec-
tive limiting values. Based on the absence of any evidence of Pt poisoning, we
conclude that the overall conversion process is limited by the characteristics of the
TCL in the ammonia decomposition process. It is of some note that at these
maximum conditions the hydrogen partial pressure at the cathode is estimated to
increase from 0.62 to 0.65 atm, adding slightly to the measured voltage.

A further striking feature of the polarization curves, already alluded to above, is the
substantially higher current densities achieved using 0.6 rather than 0.4 atm pNHs.
This behavior, which is consistent with electrochemical oxidation of ammonia being
the source of the current, suggests that reactant depletion in the TCL can be
compensated, at least in part, by increasing the reactant (NH3) concentration. The
resulting increase in current density, and hence the hydrogen production rate,
was, however, accompanied by a decrease in conversion efficiency, Figure 2C.
Thus, an increase in ammonia concentration did not result in a proportional increase
in the availability of hydrogen. This observation points toward possible improve-
ments by increasing the catalyst architecture to facilitate the removal of product
Ny, or by increasing the thickness of the TCL to increase the residence time of
NHj3 in the reaction zone, so long as this occurs without increasing the mass diffusion
resistance. Beyond such design considerations, dramatic improvements may be
possible by leveraging recent advances in TCL catalyst development.'® Even in
the absence of these steps, the polarization characteristics obtained here indicate
performance characteristics that are far superior to those reported for alkali electrol-
ysis cells in which large overpotentials (~0.4 V beyond the open circuit condition)
must be overcome before non-negligible current flows. "¢

In the absence of the TCL, Figure 2D, the 20% Pt-C/CDP electrocatalyst displayed a
relatively high OCV ~365 mV under pNH3; of 0.4 atm, indicating negligible thermal
ammonia decomposition (< 1 X 107> % conversion). The resulting currents under
voltage bias were ~1% of the values obtained from the cells incorporating explicit
thermal-cracking layers. From this, it can be concluded that, in the cells with distinct
cracking and electrochemical catalyst layers, the Pt serves only to oxidize the
hydrogen, at least up to 0.36 V, with the Ru-based catalyst accounting for almost
the entirety of the NH3 dissociation. On the other hand, in the absence of the
Pt-based electrocatalyst, the cell with only the Ru/CNT + CDP dual-function catalyst
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Figure 3. Comparison, on a Catalyst-Mass Normalized Basis, of the Hydrogen Generation Rate
Obtained from the Hybrid Thermal-Electrochemical Approach of this Work (pNH3 = 0.6 atm) with

Prior Work by Thermal Decomposition

Literature data are taken from the sources cited in the figure.'®'%23-42

layer displayed surprisingly poor IV curves, Figure 2D. When 0.4 atm pNH3 was sup-
plied, the OCV was 170 mV (equivalent to 0.05% conversion), in contrast to 78 mV
recorded from the bilayer-electrode system. The omission of the CsNO3 promotor
in this catalyst is likely the cause, as Ru is active for hydrogen electrooxidation under
low current conditions (Figure S8). The result indicates that CDP is ineffective as a
promotor, presumably because the phosphate anion is retained in the material at
the temperatures of interest, preventing conversion to CsOH.

Conclusion

It is shown here that, by integrating electrochemical product removal with thermal
decomposition of ammonia, it is possible to generate hydrogen at a substantially
higher rate than by thermal decomposition alone. To put these results into context,
the hydrogen production rates achieved here were compared, on a catalyst-mass
normalized basis, to those from conventional thermal-cracking experiments re-
ported in the literature, Figure 3."%"7%**%? The hydrogen production rates were
computed from the ammonia conversion and gas flow rates given in those publica-
tions. To fully account for the catalysts used in the present work, the catalyst in both
the TCL and complete electrochemical cell were included in the normalization. From
this representation, it is evident that the application of moderate bias (0.4 V) results
in a catalyst-mass normalized hydrogen production rate that matches the results ob-
tained from thermal decomposition at a much higher temperature of 350°C to
500°C. Furthermore, the evolved hydrogen is free of residual ammonia and the
configuration is amenable to electrochemical compression of hydrogen, or to oper-
ation of a direct ammonia fuel cell without the risk of generating NO,. A detailed ef-
ficiency analysis, which would require design of a system to minimize thermal inputs,
is beyond the scope of this work, but a simple consideration of the minimum energy
inputs relative to the energy content of the output hydrogen suggests high effi-
ciencies are possible, Figure S9. In summary, the hybrid thermal-electrochemical
approach demonstrated here, which integrates a solid-state proton conductor
with an advanced thermal-cracking catalyst, shows great promise for ammonia-to-
hydrogen or even ammonia-to-electricity conversion on demand.
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EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and materials should be directed to
and will be fulfilled by the Lead Contact, Sossina Haile (sossina.haile@northwestern.
edu).

Materials Availability
This study did not generate new, unique reagents.

Data and Code Availability
The published article includes all data analyzed during this study.

CDP Stability Analysis

CDP powder was exposed to flowing humidified NH3 (pNH3 = 0.4 atm, pH,O = 0.38
atm, balance N,) at a total gas flow rate of 50 sccm at 250°C for 24 h. During heating
to the exposure condition, the gas supply was started after the sample reached a
temperature of 150°C, and similarly on cooling, the gas supply was stopped at
this temperature. Diffraction patterns collected before and after NH; exposure
were identical, Figure S1.

Synthesis

The catalyst for the TCL was prepared following the polyol method®® in which
ethylene glycol (Fisher Chemical, > 95% purity) served to reduce a metal salt precur-
sor (RuCl3+4.5H,0, Alfa Aesar, 99.9% metals basis). The Ru loading on the multi-
walled CNTs (Nanolab, >95% purity) was fixed at 60 wt %, at which the ~30 nm
diameter CNTs were fully coated with Ru nanoparticles, Figure S2. Cesium promo-
tion was achieved by dispersing the Ru/CNT into a 50 mM aqueous solution of
CsNOj; (Alfa Aesar, 99.9%) with 1:1 molar ratio of Ru:Cs. The water was gently evap-
orated to induce precipitation of the nitrate. To promote uniformity the powder was
dispersed in ethanol and the solvent evaporation repeated. Cells were fabricated us-
ing 53.4 mg of the Cs-promoted Ru/CNT material. The Ru crystallite size was 7 nm as
determined by transmission electron microscopy imaging (Figure S2) and X-ray pow-
der diffraction (Figure S3). On the basis of thermogravimetric analysis, it can be
concluded that crystalline CsNOj3 obtained from the synthesis is decomposed to
CsOH under Hy, in a reaction that is apparently catalyzed by metallic Ru (Figures
S3 and S4).1t is likely the decomposition process places CsOH in near proximity to

the Ru, as suggested in the literature.***°

Cell Preparation

Three cells, 0.75” in diameter, were fabricated and evaluated for ammonia decom-
position. The EL was composed of Pt/carbon (20 wt % Pt on carbon black, HiSPEC®
3000, Alfa Aesar) and CDP (SAFCell) in a 1:6 mass ratio, as described in previous
works (in which this component served as a hydrogen oxidation electrode).”®**
For both TCL and EL components, 25 mg was used, resulting in respective Ru and
Pt loadings of 10.3-11.1 and 0.5 mg/cm? over the active cell area of 1.34-
1.45 cm?. For ease of fabrication, a layer of carbon fiber paper (Toray, TGP-H-030)
was placed between the two catalytic layers. The CDP electrolyte layer was 50 mg
in mass and fully densified to yield a thickness of 50 pm. The hydrogen evolution
(counter) electrode had the same formulation as the electrocatalyst in the working
electrode and resulted in an additional 0.5 mgp/cm? in the complete cell. For the
purpose of assessing the role of individual components, two analogous additional
cells were fabricated, the first in which the Ru-based TCL was omitted, and the
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second in which the Pt-based EL was omitted. In the latter case, 60 wt % Ru/CNT,
prepared as described above, was combined with CDP in a 1:6 mass ratio to serve
as a direct ammonia oxidation electrocatalyst. Because of reactivity between CDP
and most Cs salts, no additional promotor was applied.

Electrochemical Measurements

Electrochemical measurements (BioLogic, SP-300) were performed at 250°C at a
scan rate of 10 mV/s. Gas streams supplied to the anode and cathode were humid-
ified (with steam partial pressure, pH,O, of 0.38 atm) to prevent dehydration of the
CDP electrolyte.32'47'48 Humidified hydrogen (pH, = 0.62 atm) was supplied to the
counter electrode, and either humidified ammonia at one of two concentrations
(PNH3 = 0.4 or 0.6 atm) or dilute-humidified hydrogen (pH; = 0.024 atm), balanced
by a mixture of Arand Ny, was supplied to the working electrode. The total gas flow
rates at both electrodes was 50 sccm (standard cubic centimeters per minute) for all
conditions. These flow rates imply limiting current densities for the 0.4 and 0.6 atm
NH; fed cells of 3.0-3.2A/cm? and 4.5-4.8A/cm?, respectively, based on the cell
active areas and the hydrogen content of the supplied ammonia. Under supply of
dilute H,, the limiting currents are 247-267 mA/cm?. faradic efficiency measure-
ments were performed under similar conditions, but with humidified N, (pH,O =
0.38 atm) supplied to the counter electrode so as to ensure detection of only elec-
trochemically evolved hydrogen and avoid drift of a high baseline in the mass spec-
trometer (Thermostar Pfeiffer GSD 301 T2) used for evolved gas chemical analysis.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.joule.
2020.10.006.
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