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ABSTRACT: Gas storage via adsorption in microporous crystals, such as zeolites, has the potential to transform both the energy and
transportation sectors. This potential results from the highly tunable pore chemistry and geometry of zeolites, which allows for precise
control of the chemical environment of the adsorbed gas. However, while strong gas-solid interactions are desirable to maximize gas
storage capacity, they hinder the effective release of the stored gas species. In the current work, the partial reduction of a nickel-
oxide/zeolite nanocomposite led to a remarkable heat release upon exposure to air, which was attributed to the exothermic healing of
oxygen vacancies in the NiO,., lattice. This heating effect was reproducible over at least 10 treatments and was compared to different
types of porous supports, providing evidence that uniform micropores and an optimal pore size is required to obtain the observed
heating properties. We demonstrate that this heating phenomena can be applied to the desorption of hysteretic ammonia, leading to
38 % desorption of the chemisorbed gas without the need for external heating or pressure swing.

and transportation), temperature swing (operation temperatures
below 60 °C), and vacuum/pressure swing (high operation and
maintenance costs modulating between 1 and 0.01 bar) as de-
sorption candidates.

INTRODUCTION

Ammonia storage is of great interest as a carbon-free fuel and
as a high density hydrogen carrier.!!"?! Targets set by the US De-
partment of Energy (DOE) for the storage of hydrogen require

: ) } : U Zeolites, microporous tetrahedrally coordinated aluminosili-
a sorbent material with highly reversible storage capacities

cate crystals, have shown large capacities, high stability, and

(1500 cycles), low cost (333 $ kg! Hy), fast kinetics (1-5 min),
full exposure to sunlight, and ambient operating temperatures
(-40-60 °C).¥) Storage of ammonia in solid sorbents meets
many of these H, storage requirements and offers benefits in-
cluding hazard mitigation, minimal pressurization and cooling
requirements, and facile material handling.[*%! One major chal-
lenge in gas storage is the efficient release of chemisorbed gas
species.!® Strong adsorption can result in hysteresis, hindering
gas release. Current gas desorption techniques include vac-
uum/pressure and temperature swing, ultraviolet/visible light
exposure,* and solvent extraction.[*”) While these technolo-
gies offer potentially feasible unit operations for large scale ap-
plications, DOE hydrogen storage targets largely eliminate light
exposure (must tolerate sunlight throughout storage, handling,

prolonged retention of ammonia but require moderate to high
temperatures for desorption.!'” Metal oxides with unique intrin-
sic heating properties have recently gained major attention. Na-
gaoka and coworkers demonstrated the oxidative reforming of
hydrocarbons using partially reduced CeO, supported catalysts,
which exhibited heating upon exposure to oxygen.[''"3! Their
work highlights the possibility of instilling triggered heating
properties into solid state materials.



In the present work, we synthesized a partially reduced zeo-
lite-supported NiO,., nanocomposite that undergoes a reversi-
ble exothermic reaction on exposure to air, reaching tempera-
tures as high as 694 °C. The nanocomposite material displayed
reproducible performance, evidenced by 10 consecutive cycles
where temperatures above 550 °C were recurrently observed.
This heating phenomenon results primarily from the rapid re-
population, or healing, of oxygen vacancies formed during ther-
mal reduction of the NiO,., lattice. We compare the effect of
different supports and demonstrate that pore size and pore uni-
formity impact the maximum observed temperature and relaxa-
tion time. Finally, we show that this unique heating phenome-

460 °C

pore mouth of the main channel.['*!) Ni/MOR was prepared via
ion exchange synthesis from NH4-MOR using a basic, concen-
trated, aqueous solution of nickel nitrate (Figure S1). Ion ex-
change synthesis was chosen because it offers the controlled in-
corporation of metal ions within the zeolite pore.l'!”! The ob-
tained material was calcined in flowing air at 460 °C for 1h,
purged with N, at 460 °C for 30 min, reduced in flowing H, at
460°C for 1h, purged again with N, at 460°C and finally
cooled to room temperature under N> (Figure 1a). After the
thermal pretreatments and upon exposure to air, a remarkable
heating event was observed using a K-type thermocouple. As
Ni/MOR was exposed to repeated calcinations, reductions, and
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Figure 1. a) Process diagram for the calcination, reduction, purge, cooling, and air triggered heating of Ni nanocomposites. Temperature
profiles over 10 cycles for b) Ni/MOR and c) Ni/FER. Insets represent the maximum temperatures for each cycle: Ni/MOR (A ), MOR
(®), Ni/FER ('V), FER (m). Oxygen diffusion snapshots from MD simulations in d) MOR and ¢) FER.

non can promote desorption of strongly chemisorbed ammonia,
providing an alternative tool for the rational design of gas stor-
age materials.

RESULTS AND DISCUSSION

Zeolite mordenite (MOR) was selected as a porous support
for nickel as it offers preferential cation exchange sites near the

reactions with air, high temperatures were recurrently observed,

showing no obvious trend of degradation with a maximum tem-

perature of 694 °C (Figure 1b). Typical relaxation times, or the

time required for the sample to cool from the maximum ob-

served temperature to half of the maximum temperature

(tretax = ta, = tg, ), for Ni/MOR samples were between 10-
2 max

20, indicating a rapid release of heat.



Comparing MOR, FER, and AC supports

Temperature profiles obtained from Ni/MOR prompted us to
determine if this exothermic response was exclusive to the com-
bination of Ni on MOR, or if this phenomenon was observed on
other porous supports. To answer this question, zeolite ferrierite
(FER) and activated carbon (AC) were evaluated as inorganic
and organic porous analogs, respectively. Using the same ion
exchange synthesis and thermal treatment described for
Ni/MOR, temperature profiles for Ni/FER (Figure 1c) and
Ni/AC were obtained. The Ni/FER sample exhibited tempera-
ture profiles similar in shape to those observed for Ni/MOR, but
with a longer relaxation time of 20-40 s and a maximum tem-
perature of 447 °C. It is interesting to compare the responses of
Ni/FER and Ni/MOR as both samples had nearly the same Si/Al
ratio, Ni loading, dispersion, and degree of reduction (Table
S1). The major difference between the two zeolites (besides to-
pology) is the primary pore size. We hypothesized that the
smaller primary 10-membered ring (MR) in FER (4.3 x 5.5 A)
resulted in slower oxygen diffusion as compared to the 12-MR
in MOR (6.7 x 7 A). This hypothesis was tested using molecu-
lar dynamics (MD) calculations wherein the self-diffusion co-
efficients for oxygen were measured in MOR and FER frame-
works (Figure S2-4, Table S2). Diffusion of oxygen in both
MOR and FER was dominated by displacement in the z-direc-
tion (Figure 1d, e). Oxygen diffused through FER slower than
in MOR, with total diffusion coefficients of 6.6 x 10~ and 1.0 x
10* cm? s, respectively. Therefore, a plausible reason for the
slower relaxation time and lower maximum temperature ob-
served in Ni/FER as compared to Ni/MOR is this difference in
diffusion coefficients. Ni/AC yielded a relaxation time of 45s
and a non-uniform temperature profile with three pronounced
peaks and a maximum temperature of 222 °C (Figure S5). Un-
fortunately, the Ni/AC system experienced mass loss upon cy-

ray diffraction (PXRD) to elucidate the crystalline structure, X-
ray photoelectron spectroscopy (XPS) to understand the
changes in chemical composition, and electron spin paramag-
netic resonance spectroscopy (EPR) to provide information
about the defects formed during the reduction.

PXRD showed the characteristic MOR pattern along with the
expected NiO phase in the calcined sample (Figure S6). The
oxidized sample showed the presence of NiO and Ni phases.
The Ni 2p spectrum obtained from XPS showed that the cal-
cined sample was primarily composed of NiO, 853.7, 855.4,
860.9, 865.6 eV!'¥) (Figure 2a) as expected from PXRD. The
reduced sample gave a shift towards metallic Ni, 852.6 eV,[!]
but still contained NiO species. The large reduction in the
shake-up satellite at 860.9 eV in the reduced sample is indica-
tive of a partially reduced surface.?*?!1 After exposure to air,
the oxidized sample shifted to higher binding energy where the
dominant species was NiO with only a small contribution from
metallic Ni. Additionally, upon exposure to air, the shake-up
satellite was regained. The O s spectrum showed dramatic
changes between the calcined, reduced, and oxidized samples
(Figure 2b). It is important to note that the O 1s region shows a
combination of both NiO and support oxide moieties overlap-
ping, which prevented detailed deconvolution. Generally, the O
1s region in metal oxides exhibits an asymmetric shift towards
higher binding energy as the ratio of metal to oxygen increases
and non-stoichiometric states occur.”**?! The calcined sample
showed a strong Ni-O response at 529 eV,[!®! as expected. The
calcined sample also showed only a weak shouldering of the Si-
O peak at 532 eV!?*! due to Ni-O coverage of the support. This
observation is also evidenced in the survey spectrum, where the
characteristic Si-O sp? signal was not observed in the calcined
sample (Figure S7). Additionally, the calcined sample did not
exhibit a significant response in the 533 eV region attributed to
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Figure 2. Characterization of the calcined, reduced, and oxidized sample by a) XPS Ni 2p spectrum, b) O 1s spectrum, and c) room

temperature EPR spectrum.

cling, so further studies were halted.
Characterization of the primary Ni/MOR oxidative states

To better understand the central cause of the observed heat
release for Ni/MOR, further characterization was required. We
focused our study on the three primary oxidative states of
Ni/MOR including the calcined, reduced, and the oxidized sam-
ple after exposure to air. Characterization included powder X-

loosely bound surface species or oxygen vacancies.?>?*! In the
oxidized sample, we observed a Si-O response at 532 eV,
due to morphology changes in surface Ni-O coverage. A strong
contribution from Ni-O was evident in the oxidized sample,
similar to the calcined sample. Another important feature of the
oxidized sample was the tailing into the 533 eV region indicat-
ing that some loosely bound surface species or oxygen vacant



sites remained after exposure to air. The reduced sample
showed a negligible contribution from Ni-O, a modest contri-
bution from Si-O, and a major contribution from oxygen vacan-
cies or surface species around 533 eV. The observed changes in
the O Is and Ni 2p spectra in the reduced sample are indicative
of a non-stoichiometric, partially reduced NiO surface.! These
results indicate that exposure to air promoted the oxidation of
the non-stoichiometric Ni.

Characterization of oxygen vacancies in Ni/MOR

It has been documented that the formation of oxygen vacan-
cies in NiO under H; flow takes place at temperatures between
400-460 °C,*! matching our selected reduction parameters. Us-
ing density functional theory with the Hubbard Hamiltonian
(DFT+ U), the formation energy of an oxygen vacancy in the
NiO lattice was calculated to be 4.30 eV (Table S3). Room tem-
perature EPR results (Figure 2c) show a broad response typical
of partially reduced Ni supported on zeolites, centered around
~290 mT with a g-value of 2.06.127-2! The large broad peak in
the reduced sample is attributed to the promotion of oxygen va-
cancies due to the thermal reduction of Ni with hydrogen.”
This claim is further evidenced as the MOR support and the cal-
cined Ni/MOR sample exhibited no EPR response as ex-
pected®”% and in agreement with the O 1s spectrum from XPS.
When NiO is nearly stoichiometric, antiferromagnetic spin
states largely eliminate the EPR signal. The reduced sample,
with no exposure to air, showed the largest EPR response. EPR
spectra collected at 5, 20, and 150 min (oxidized) after exposure
to air display a rapid initial decrease followed by a plateau in
vacancy concentration over time as defects are healed by oxy-
gen. These findings are corroborated by the observations from
XPS and highlight the rapid nature of vacancy occupation in
NiO, . lattice. The effective oxygen uptake of the reduced sam-
ple, measured by O, titration at 35 °C, was 0.294 mmol g (Fig-
ure S8, Table S1). By comparing this value with the theoretical
amount of O, required to completely oxidize Ni%/MOR to
NiO/MOR with a metal loading of 8.9 % (0.758 mmol g™), we
calculated the stoichiometry of the reduced sample to be

NiOos/MOR (1 — x = 1 — Zaconsumed
method described by Sato et al.['*]
Locating confined and surface Ni species on MOR

o theory) following the

Argon isotherms were collected for the parent MOR and ox-
idized Ni/MOR and compared to GCMC-simulated isotherms
in four blocked-pore models: no pore blocking and blocking of
the small, medium, and large MOR pores. When adsorption oc-
curs in ordered porous materials, a step is observed in quantity
of gas adsorbed when new pores begin to fill. The kinetic diam-
eter of Ar (0.34 nm) makes it an ideal candidate to probe the
various pores of MOR. We were able to match the key charac-
teristics of our experimental isotherm using linear combinations
of the simulated Ar isotherms in these blocked-pore models,
providing insights into the most likely locations for Ni inside
the pore (Figure S8-10, Video S1). A comparison of the exper-
imental and computational isotherms is provided in Figure 3.
From this analysis, it was found that Ni was most prevalent in
the medium pore (~70% of these pores blocked), which is con-
sistent with the high concentration of proton exchange sites at
this location.!"*. Additionally, Ni was found to be located in the
large pore (~30% of these pores blocked). We hypothesize that

the confined Ni nanoparticles may be contributing to the sus-
tained heating activity in the Ni/MOR sample across multiple
cycles.

Imaging of the calcined and oxidized Ni/MOR surface re-
vealed considerable morphological shifts (Figure 4). From the
high-resolution transmission electron microscopy (HRTEM)
images, the lattice spacing of both MOR (0.58 nm) and NiO
(0.21 nm) are observed in the calcined sample. Selective area
electron diffraction (SAED) confirmed the existence of these

phases in the calcined Ni/MOR sample. Scanning transmission

electron microscopy coupled with high angle annular dark field
(STEM-HAADF) imaging and energy-dispersive X-ray spec-

troscopy (STEM-EDS) provided a clear distribution of the Ni

species across the MOR surface in the calcined sample. In the
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Figure 4. Transmission electron microscopy analysis of the (top) calcined and (bottom) oxidized Ni/MOR. In the order from left to right:
HRTEM images, STEM-HAADF images, STEM-EDS elemental maps, and intensity profiles of SAED patterns.

oxidized sample, SAED and HRTEM provided evidence that
both Ni and NiO moieties are present across the MOR support.
STEM-HAADF images show a drastic change in structure from
needle-like morphologies in the calcined sample to clusters of
Ni across the support surface in the oxidized sample. The Ni
agglomerates are likely to have formed due to coalescence or
Ostwald ripening during the thermal reduction. The change in
Ni surface coverage observed in the STEM-HAADF images
and STEM-EDS elemental maps agrees well with the coverage
observations from XPS, where Si 2s and 2p peaks are absent in
the calcined sample and present in the oxidized sample.

We have shown evidence that the thermal reduction step with
hydrogen resulted in the promotion of active oxygen vacancies
in the Ni-O lattice on Ni/MOR. The support material provided
a high surface area template for both surface and confined Ni
species which were likely found in the medium and large pores
of MOR as supported by GCMC calculations. The greater pore
size in MOR as compared to FER promoted faster diffusion of
oxygen to the vacant sites as supported by MD simulations,

yielding a more pronounced heat release. While particle ag-
glomerates formed during the thermal treatments, the macro-
scopically observed maximum temperature of Ni/MOR was sta-
ble over 10 repeated treatments.

Vacancy healing of Ni/MOR for NHs desorption

To test the functionality of Ni/MOR as an adsorbent with in-
trinsic heating properties, we turned to ammonia as our probe
molecule. Record NHj3 capacities, reported by Dincad and co-
workers, exceeded 19 mmol NH; g! sorbent.”™! The vast major-
ity of high uptake materials are metal-organic frameworks
(MOF) with open metal sites. However, desorption of ammonia
from MOF materials remains a challenge due to the chemisorp-
tion of NH3 on these sites. We found that oxidized Ni/MOR had
an STP loading of 4.15 mmol NH; g! with a hysteretic gas re-
lease at low pressure due to chemisorption (Figure 5a). Using
NH; temperature programmed desorption (TPD) with an in situ
calcination/reduction pretreatment similar to that used in the cy-
cling studies, we measured the amount of ammonia adsorbed to
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the reduced Ni/MOR sample at STP. Without exposure to oxy-
gen, Ni/MOR retained 5.39+0.23 mmol NH; g™ sorbent (Figure
5b). Upon exposure to flowing oxygen for 5 min, as dictated by
the DOE target for gas delivery rates, the Ni/MOR sample re-
tained 3.33+0.14 mmol NH; g”! sorbent. This indicates that the
oxygen exposure step resulted in the removal of 38.3% of the
chemisorbed NHj. Using the parent MOR as a control, we ob-
served an ammonia removal of less than 1% due to oxygen ex-
posure, indicating that the vacancy healing and intrinsic heating

Table 1. Comparison to the state-of-the-art NH3 sorbent materials.

properties of Ni/MOR promoted the desorption. The possibility
of NH;3 decomposition or oxidation over Ni/MOR was ruled out
by tracking the temperature and gas composition during the
TPD experiment (Figure S11 and S12). To gain a perspective
on this removal efficiency a comparison was made with current
state-of-the-art ammonia sorbent materials (Table 1).

Ref. Sample Material Removal Uptake® Terminal Loading® Desorbed®
Method
[mmol NH3-g] [mmol NH3-g] [%]

B31] MFM-300(Al) MOF AP 13.9 4.6 67
2] BPP-5 POP AP 17.7 8.1 54
2] BPP-7 POP AP 16.0 7.9 51
321 NU-300 MOF AP 8.3 3.7 55
1331 Co-(BTDD) MOF AP 12.0 4.4 63
(3] Ni-(BTDD) MOF AP 12.0 57 53
[33] Mn-(BTDD) MOF AP 15.5 7.5 52
B3] Ni-(BBTA) MOF AP 14.7 10.1 31
B3] Cu-(BBTA) MOF AP 19.8 14.7 26
B3] Co-(BBTA) MOF AP 18.0 13.1 27
[34] Co(NA) MOF AP 17.4 13.0 25
(34] Zn(NA) MOF AP 10.1 9.6 5
[34] Cu(NA) MOF AP 13.4 13.0 3
[34] CA(NA) MOF AP 6.0 6.0 0
133 H/YY ZEO AP 5.4 1.1 80
B33 Co/Y 9 ZEO AP 8.6 1.6 81
B33 Cwy9 ZEO AP 9.3 2.9 69

Ni/MOR ZEO IH 5.49 3.39 38
This Work

Ni/MOR ZEO AP 4.2 29 30

3Uptake at 25 °C/1 bar. Y NH3 loading of the desorption branch at P = 0.01 bar estimated from published NH3 isotherms. ¢)(Uptake-
Terminal Loading)/Uptake-100. Y¥Measured at 54 °C/0.4 bar. ®Calculated from NH3-TPD. Metal-organic framework (MOF), porous-
organic polymer (POP), zeolite (ZEO), vacuum swing (AP), intrinsic heating (IH).

The desorption efficiency from intrinsic heating falls within
typical values for vacuum swing technologies of other porous
materials. In addition, the intrinsic heating effect out preforms

vacuum swing desorption for Ni/MOR. DFT calculations were
conducted for the binding energy of NH3 on NiO and NiO + O
vacancy (Figure S13 Table S4). This analysis revealed that the



lowest energy configuration for NH; on NiO + O-vacancy is
centered above Ni and that the O-vacancy was slightly repulsive
to NHs. Therefore, oxygen would have space to dissociate and
heal the O-vacancy site, generating enough heat (-4.30 eV) to
overcome the binding energy of NHs; on the NiO lattice (-
0.56 eV), NH; on the NiO + O-vacancy lattice (-0.60 eV), NH;
on Brensted acid sites within MOR (-2.44 eV).*¢l, NH; diffu-
sion barriers along the z-direction in MOR (0.04 e¢V) (Figure
S4), and NH; diffusion on the NiO (100) surface (0.59 eV) (Fig-
ure S14). We also found that increased temperature did not have
a large effect on the MOR heat capacity (Figure S15).

CONCLUSIONS

In summary, we have demonstrated that the partially reduced
Ni-zeolite nanocomposite Ni/MOR displays reproducible exo-
thermic heating properties on exposure to air. When pretreated,
the sample can be loaded with 5.39 mmol NH; g! at STP. A
NH; removal efficiency of 38.3% was found on exposure to ox-
ygen which was largely a result of the intrinsic heating proper-
ties instilled in the material. The desorption efficiency for
Ni/MOR via intrinsic heating was higher than that observed
from vacuum swing desorption. /n silico experiments were used
to model the probable location of the Ni species within the ze-
olite pore, the diffusion of O, and NHj within the zeolite pore,
the O-vacancy formation energy in NiO, and the theoretical
binding environment of NH; on NiO + O vacancy. The intrinsic
heating phenomenon in Ni/MOR provides an effective and
novel desorption technology that could offer a low cost, mini-
mal on-site energy input, and recyclable NH3 storage solution.
This work illustrates a proof-of-concept for employing intrinsic
heating in metal-zeolite nanocomposites for the effective de-
sorption of ammonia. Further investigations of different
metal/support combinations may lead to higher ammonia up-
takes and improved desorption properties provided by intrinsic
heating.
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SYNOPSIS TOC: Heat generation inside porous zeolite mordenite is promoted by exothermic oxygen vacancy healing in the
NiO., lattice. This heating phenomena is demonstrated to be an effective tool in the removal of chemisorbed ammonia, which
typically requires temperature or vacuum swing. When compared to other porous supports, mordenite is shown to provide
topographical benefits that result in optimal heating and 38% removal of ammonia.
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