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Efficient catalysis of ammonia borane (AB) holds potential for realizing con-
trolled energy release from hydrogen fuel and addressing cost challenges
faced by hydrogen storage. Here, we report that amorphous domains on
metallic Fe crystal structures (R-Fe,O3; Foam) can achieve AB catalytic per-
formances and stability (turnover frequency (TOF) of 113.6 min™, about 771L
H, in 900 h, and 43.27 mL/(min-cm?) for 10x10 cm? of Foam) that outperform
reported benchmarks (most <14 L H, in 45 h) by at least 20 times. These
notable increases are enabled by the stable Fe crystal structure, while defects
and unsaturated atoms in the amorphous domains form Fe-B intermediates
that significantly lower the dissociation barriers of H,O and AB. Given that the

catalyst lifetime is a key determinant for the practical use in fuel cells, our
R-Fe,05; Foam also provides decent H, supply (180 mL H,/min, AB water
solution of 7.5wt% H,) in a driven commercial car fuel cell at stable power
outputs (7.8 V and 1.6 A for at least 5 h). When considered with its facile
synthesis method, these materials are potentially very promising for realizing
durable high-performance AB catalysts and viable chemical storage in hydro-
gen powered vehicles.

Hydrogen energy is attractive as a fuel source since it can enable zero
greenhouse gas emissions and a sustainable economy' . Hydrogen can
also be produced in a clean way*’. Although hydrogen-based tech-
nologies have been researched since the 1970s, hydrogen storage and
release remain costly and impractical for commercial use in
vehicles**. Storing H, gas in compression has been a common
approach, but may raise safety risks for drivers, prompting the
development of alternative methods such as chemical storage'’. Here,
catalysts facilitate the release of H, gas from chemicals when com-
bined with H,O solution, and ammonia borane (AB) is notable for its
high hydrogen content (19.6 wt%), high stability in air and water, and
non-toxicity®™. Under the action of suitable catalysts, 1 mol AB water
solution can be hydrolyzed at room temperature to release 3 mol H,.

The stable and non-toxic nature of solid AB enables it to be well stored
and transported, resulting in a high gravimetric hydrogen storage
capacity (GHSC) when compared to similar chemicals such as NaBH,
or LiBH, (highly flammable and toxic). Despite obvious advantages
over the storage of compressed H, (detailed in Supplementary
Figs. 1and 2), catalysts for AB hydrolysis cannot yet achieve necessary
performances, and stability in particular is a challenge that prevents
practical catalyst lifetimes (normally <2h; benchmark 45h was
achieved with Rh but its activity sharply decreased in 9 h)*™"°.
Methods to precisely engineer micro or nanostructures can
enable high catalytic activity, as has been reported, but these come at
the cost of stability in harsh reaction environments. Bulk materials, on
the other hand, are stable but less catalytically active. Synthesis of fine
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nano/microstructures onto bulk materials has also been reported to
enhance mechanical properties but not improve bulk catalytic
activity?®. Recent reports of amorphous domains in nanomaterials
have achieved notable catalytic activity due to abundant active
sites?, The internal amorphous defects could even transform the
non-active material into a highly active catalyst®. Thus the successful
creation of amorphous domains in the whole crystal structures
extending from nanomaterials to bulk materials may enable a combi-
natorial approach to catalyst design for performance and stability*.
The abundance, low-cost, and easily manipulated crystal structure
of Iron (Fe) make it a suitable material for AB hydrolysis if catalytic
activity can be improved. Although some Fe-based nanomaterials
might have certain activity"”, bulk Fe metal (a block of metallic Fe) has
never been reported for efficient AB hydrolysis. However, with a facile
oxidation and reduction process, here we report the synthesis of
amorphous domains in metallic Fe Foam (R-Fe,03) that achieve nota-
ble performances (TOF of 113.6 min™, about 771L H, in 900 h, and
43.27 mL/(min-cm?) for 10 x 10 cm? of Foam) for AB hydrolysis. These
amorphous domains contain defects and unsaturated atoms, which
form Fe-B intermediates during hydrolysis, thereby lowering dis-
sociation barriers of H,O and AB (according to theoretical calcula-
tions), while the bulk Fe crystal structure maintains catalyst stability.

Amorphous domains have been verified through transmission electron
microscopy (TEM) and synchrotron radiation X-ray absorption spec-
troscopy (XAS). The combined benefits of these domains in bulk
materials enable the remarkable increase in catalyst lifetime and have
even provided onboard H, supply (180 mL/min) in a commercial car
fuel cell for at least 5h (at the power output of 7.8V and 1.6 A). By
storing AB as a solid and adding water in stoichiometric amounts, this
system achieves a high GHSC of 7.5 wt% H, from AB, which meets the
U.S. Department of Energy (DOE) target. Therefore, this facile
approach to creating amorphous domains onto bulk materials, espe-
cially metallic Fe, holds promise for enabling the use of AB chemical
storage in hydrogen-powered vehicles.

Results and discussion

Efficient and stable hydrolysis of ammonia-borane

Commercial Fe Foam is almost inactive, and no hydrogen (H,) can be
released from AB even after 1 h, as shown in Fig. 1a. Commercial Fe,O5
nanoparticles (NPs) are also inactive in 1 h. The Fe Foam was activated
by simple oxidation in air and a following reduction directly in the AB
solution. Interestingly, the modified Fe Foam can be effectively used
for the hydrolysis of AB, as shown in Fig. 1a. The sample after oxidation
is labeled as Fe,03 Foam (800 °C) and the reduced sample is labeled as
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Fig. 1| The catalytic performance of R-Fe203 Foam (800 °C) in the hydrolysis of
AB aqueous solution. a Hydrogen evolution curves of the hydrolysis of AB cata-

lyzed by Fe Foam, commercial Fe,O5; NPs, and R-Fe,O; Foam (800 °C), respectively.
b, c Stability test of R-Fe,O3; Foam (800 °C) within 900 h. After 900 h, there is no

obvious decline. d-fHydrolysis process of AB catalyzed by R-Fe,03 Foam (800 °C).
g Hydrogen evolution curves catalyzed by R-Fe,03 Foam (800 °C) with different

sizes. h Area activities of R-Fe,O; Foam (800 °C) with different sizes. i Picture of

R-Fe,05; Foam (800 °C) with a size of 10 x10 cm?.
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Fig. 2 | The structure information of R-Fe203 Foam (800 °C). a, b TEM and
HRTEM images of R-Fe;03 Foam (800 °C), respectively. The inset in Fig. 2a shows
the aberration-corrected HAADF-STEM image. ¢, d Fe K-edge XANES spectra and

—— NH,BO, +3H, |

Fourier transform curves of the EXAFS data of R-Fe,O3; Foam (800 °C) and some
reference samples, respectively. e Illlustration of the hydrolysis of AB on R-Fe,03
Foam (800 °C).

R-Fe;03 Foam (800 °C). The experimental illustration is shown in
Supplementary Fig. 3a, and the details can be found in Methods.

The catalytic performance of R-Fe,03 Foam (800 °C) (1 x1cm?) in
the hydrolysis of AB aqueous solution is shown in Fig. 1a, which can
fully produce 201 mL H, (3 mol H, produced from 1 mol AB) in 7.5 min.
The volume of H, generation was measured by recording the dis-
placement of water and the produced gas was identified using a gas
chromatograph. Figure 1d-f show the images when the R-Fe,O; Foam
is immersed in AB solution and then removed. It should be noted that
R-Fe,03 Foam (800 °C) can be directly used as a catalyst without any
substrate. The AB solution is very stable at room temperature. How-
ever, with the immersion of panel-like R-Fe,O5; Foam, large amounts of
H, bubbles can be observed, and the reaction can be quickly stopped
when the Foam is removed. Details can be found in Supplementary
Movie 1. The calculated area activity of R-Fe,O; Foam (800 °C) is a high
value of 43.27 mL H,/(min-cm?) (using the process to release 134 mL H,
since the left 1/3 process is slow; for the full process, the activity is
26.90 mL H,/(min-cm?)). The calculated TOF value is 113.6 (H,) mol/
(Cat-Fe) mol-min (using the process to release 134 mL H, and the sur-
face Fe as active sites, details can be found in the Methods part), which
is also a notable high value compared to the benchmark non-noble
metal catalysts (Supplementary Table 1)'*%,

Critically, the R-Fe,O5 Foam (800 °C) catalyst shows remarkable
long-term stability along with high efficiency. The hydrolysis was
continuously catalyzed by R-Fe,O; Foam (800 °C) in AB solution for
900 h without obvious decline, which far exceeded catalysts reported
in the literature that was only stable for a few hours or several cycles
(Supplementary Table 1). The Foam was taken out to carefully measure
its catalytic activity every 5h. The Foam does not require washing or
other treatment and large amounts of H, can be continuously
observed in the whole process. As shown in Fig. 1b, ¢ (also see Sup-
plementary Fig. 4a, b), there is no obvious activity decline even after
operating for 900 h (keep more than 92% of the initial activity), which

sets the benchmark for all catalysts ever used for the hydrolysis of AB
(both noble and non-noble metal catalysts). Supplementary Fig. 4c also
shows the hydrolysis curves before and after use for 500 h, with no
obvious difference between the two curves. To highlight the excellent
stability of our sample, we show a performance comparison to many
others reported in the literature in Supplementary Table 1. It is clear
that the catalysts in literature can only last for a few hours or several
cycles (most less than 2 h; the benchmark Rho/Co50, showed a total
45 h lifetime, but its activity sharply decreased in 9 h), while the pre-
sented R-Fe,O; Foam (800 °C) far exceeds this standard by con-
tinuously producing large H, amounts for at least 900 h. The catalyst
can totally work for 1100 h until 20% of the initial activity. The used
catalyst also shows excellent reusability, which can work for another
300 h after the same oxidation-reduction treatment.

Structure information of R-Fe,0; foam

Detailed structure information of R-Fe;O; Foam (800 °C) has been
investigated to understand the unprecedented performance. Supple-
mentary Fig. 3b-d shows a comparison of the scanning electron
microscopy (SEM) images for Fe Foam, Fe,O; Foam (800 °C), and
R-Fe,O3 Foam (800 °C), respectively, where there is no significant
difference except for some cracks observed in R-Fe,O5 Foam (800 °C).
Figure 2a, b shows the TEM and HRTEM images of R-Fe,0; Foam (800
°C), respectively. Metallic Fe (110) lattice in R-Fe;O3 Foam (800 °C) can
be observed in Fig. 2b, which is similar to the pristine Fe Foam (Sup-
plementary Fig. 5a, e, confirmed by XRD data in Supplementary
Fig. 6a). However, clear amorphous Fe domains (labeled by ellipses)
can be observed in Fig. 2b, which is significantly different from the
perfect crystal structure of Fe Foam in Supplementary Figs. 5a, e. The
amorphous domains can be easily observed in R-Fe,O; Foam (800 °C)
shown in Fig. 2a (the ellipses), suggesting that large distributions of
amorphous Fe domains can be found in the as-produced sample. For
comparison, the original Fe Foam shows perfect Fe crystal structure
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(Supplementary Fig. 5a). The inset of Fig. 2a also shows the aberration-
corrected high angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) image of R-Fe,O3 Foam (800 °C), con-
firming the existence of amorphous domains.

To further verify the existence of abundant amorphous Fe
domains in R-Fe,O; Foam (800 °C), XAS spectra at Fe K-edge are
measured and shown in Fig. 2¢c, d. Figure 2c shows the X-ray Absorp-
tion Near Edge Structure (XANES) spectrum of R-Fe,0; Foam (800 °C)
that is very similar to that of pure Fe foil and Fe Foam, confirming the
main metallic content is Fe. However, compared to the pristine Fe
Foam and Fe foil, the Extended X-ray Absorption Fine Structure
(EXAFS) features of R-Fe,03 Foam (800 °C) in Fig. 2d show much lower
peak intensities, suggesting more vacancies or unsaturated atoms due
to the existence of amorphous domains®. We also show the fitting
results of EXAFS data in Supplementary Table 2, where the R-Fe,0;
Foam exhibits a significantly reduced Fe coordination number,
strongly confirming the existence of amorphous domains with defects
and vacancies, as illustrated in Fig. 2e.

Practical H, supply from hydrolysis of AB

R-Fe,05; Foam with the aforementioned amorphous domains showed
excellent catalytic performance and ultra-high stability that is sui-
table for fuel cells used in practical H, supply. When used in a
commercial fuel cell, the H, production system (AB solution and
R-Fe,05 Foam) even powered a model car. As shown in Supplemen-
tary Movie 2 and Movie 3, the Foam can be used to produce a high H,
flow (180 mL Hp/min) in the commercial fuel cell, which can suc-
cessfully power the driven model car for long durations (total of least
5h). A stable output of 7.8V and 1.6 A is obtained (12 W), which is
usable as a power supply for various applications. As shown in Sup-
plementary Movie 3, the onboard system (with a practical AB con-
centration of 19.0 wt%) can independently drive the model car for a
long time. The system on the model car only contains the fuel cell,
the water for filtration, and the reaction cell with AB, water, and
catalyst. The water for filtration (5g pure water) has been used to
remove small amounts of evaporated NH; and water due to the
exothermic process (only 12 ppm NH; left in H; after filtration). The
panel-like Foam can also be easily removed to control the reaction,
this is favorable for real applications where the device can be easily
powered off.

Beneficially, the reaction can be enlarged by using larger sizes of
panel-like foam. In Fig. 1g, h, the catalytic performances of R-Fe,03
Foam (800 °C) samples with different sizes have been shown to
exhibit similar area activities. The produced H, can thus be linearly
increased with Foam size. At present, a Foam size of 10 x 10 cm? (Fig. 1i)
can be easily prepared to produce more than 4000 mL H, per minute.
The H, production rate can also be further accelerated by combining
several Foams to form an array to produce large amounts of H, to meet
the requirement for high energy density devices.

Gravimetric hydrogen storage capacity (GHSC) is a factor and the
DOE ultimate target for on-board H, storage is 7.5 wt% H,'". The GHSC
of AB aqueous solution is around 5.0 wt% H,%. AB is in powder form
and very stable in air, thus making it suitable as a fuel. By storing AB as a
solid and adding water in stoichiometric amounts', the GHSC of AB
water solution using the Foam can achieve a suitably high value of
8.91wt% H, (see Supplementary Table 3), exceeding the DOE target.
Recycle water from fuel cells can be used, as shown in Supplementary
Fig. 3b. For a practical process, the GHSC value can also achieve 7.5 wt%
H, by storing AB as a solid and using the recycled water (with an AB
concentration around 19.0 wt%), as illustrated in Supplementary
Movie 2 (step by step) and Supplementary Fig. 7. Thus, the controlled
release of H, from AB can be realized with the low-cost and abundant
Fe catalyst. For clarity, the mass, overall outer volume, porosity, and
specific surface area of the catalyst are listed in Supplementary Table 4.
The concentration, weight, volume, GHSC, and specific system energy

density of AB solution are also shown in Supplementary Table 5. The
onboard system can achieve a high specific system energy density of
2.50 kWh/kg (or 2.26 kWh/L). For comparison, H, in a tank only shows a
volumetric energy density of 0.8 kWh/L for H, at 350 bar and 1.3 kWh/L
at 700 bar, respectively. The presented onboard system can also drive
adrone, as shown in Supplementary Movie 4. Along with the decreased
cost of producing AB at global scales and the efficient regeneration of
spent fuel, catalysts that realize the use of AB may build a clean, safe,
and renewable hydrogen energy system in the near future.

Catalytic details are shown in Supplementary Fig. 8. Temperature
dependence curves of R-Fe,O; Foam (800 °C) are shown in Supple-
mentary Fig. 8a, where catalytic activity increases with temperature.
Supplementary Fig. 8b shows the Arrhenius plot, revealing a low acti-
vation energy of 20.74 kJ/mol. The AB concentration dependence
curves with the same R-Fe,0O; Foam are shown in Supplementary
Fig. 8c, revealing a weak relationship between the reaction rate and the
AB concentration. Supplementary Fig. 8d shows the logarithmic plots
of the reaction rate versus the AB concentration, which follows zero-
order kinetics.

The facile oxidation and reduction method can be used to prepare
various metallic Foams for the hydrolysis of AB, as shown in Supple-
mentary Fig. 9. R-CuO Foam and R-NiO Foam show much lower cata-
lytic performance than that of R-Fe,O3; Foam. R-CoO Foam shows a
high catalytic activity similar to that of R-Fe,O; Foam. Unfortunately,
the lifetime stability of R-CoO Foam is unacceptable as a sharp
decrease (50% left) occurs after 10 h of operation, as shown in Sup-
plementary Fig. 4d. Thus, R-Fe;O3 Foam (800 °C) remains the best
choice for the hydrolysis of AB in all these metals.

In situ XAS experiments and working mechanism

The catalytic mechanism of R-Fe,O; Foam (800 °C) with amorphous
domains has been further investigated. Initially, the oxidation effect
has been studied, and catalytic curves of the samples sintered at dif-
ferent temperatures (reduced by the same AB solution) are shown in
Fig. 3a. The sample sintered at a low temperature of 300 °C provides
unsatisfied operation, while all the samples sintered at temperatures
above 500 °C show excellent performance. XRD spectra in Supple-
mentary Fig. 6b reveal that the sample sintered at 300 °C (without
further reduction) preserves a metallic structure, while samples sin-
tered at temperatures above 500 °C are mostly oxidized. Supple-
mentary Fig. 5b, f also shows the TEM images of Fe,03 Foam (800 °C)
(before AB reduction), exhibiting perfect Fe,O3 crystal structure and
confirming that active amorphous domains have been created in the
AB reduction process. Complete oxidation at high temperatures can
lead to reduction changes, which can form amorphous domains in the
bulk to favor the hydrolysis reaction.

The reduction process has also been carefully probed and com-
pared by using different reduction agents such as NaBH, or LiBH,
solutions, H, gas, and N,H, solution (detailed treatments can be found
in the “Methods”). All the above reduction agents are highly reductive,
and some of them have been processed at high temperatures (H,) or
using the refluxing process (N,H4) (for AB, it is only immersed in the
solution for 20 min). Corresponding catalytic curves are shown in
Fig. 3b. The reductive N,H,4 solution with similar elements of N and H as
that in AB was used to reduce the Fe,O; Foam (800 °C) but with
inferior catalytic performance. According to the XRD data in Supple-
mentary Fig. 6c, the N H-treated sample is still oxidized, similar to
Fe,03 Foam (800 °C), suggesting that N,H, hardly reduces the bulk
composition of Fe;05 Foam (800 °C) even with refluxing. However, by
using B-based agents such as NaBH, or LiBH, solutions, the Fe,O3
Foam can be successfully reduced according to XRD data (Supple-
mentary Fig. 6¢). Moreover, the catalytic performances for both NaBH,
and LiBH, treated samples are also noteworthy, suggesting that B has
an important role in both the reduction and the catalytic processes.
B-based reduction agents can effectively react with Fe,03 to produce
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reduced by different agents. c In situ XANES spectra of R-Fe,O3 Foam (800 °C) in air
and immersed in AB at Fe K-edge. d B K-edge XANES spectra of R-Fe,03; Foam
(800 °C), Fe Foam treated by AB and the H;BOj3 reference.

metallic Fe and create amorphous Fe domains to enhance the catalytic
performance. Consequently, R-Fe,O3; Foam (800 °C) is an efficient and
stable catalyst for the hydrolysis of both NaBH, and LiBH, to release
H,. It should be noted that XRD data have an analysis depth of many
tens of micrometers, and the Foam branches are around 100 pm thick.
When the fully oxidized Fe,O; Foam (800 °C) was treated with acid to
remove the outside oxidation layer, the inner part was found to be
metallic Fe which could maintain the skeleton structure. The oxidized
Foam is initially inactive to the hydrolysis, until reduced in AB solution
for 20 min to create amorphous Fe domains. The highly active R-Fe,05
Foam (800 °C) will lose its activity when heated in air at 60 °C with
more oxidized parts, suggesting that the oxidized parts are not active
sites for hydrolysis.

To confirm the critical role of amorphous domains, the Fe,05
Foam (800 °C) has also been reduced by H, at high temperatures
(1100 °C). XRD data in Supplementary Fig. 6c clearly indicate that the
Hy-treated Foam has been successfully reduced. However, the catalytic
performance of the Hy-treated R-Fe,O3 Foam (800 °C) is ordinary in
Fig. 3b and can be attributed to high-temperature treatment in the H,-
based reduction, which can remove defects and construct a fine crystal
structure. As a result, the TEM images of H,-treated R-Fe,0; Foam

(800 °C) in Supplementary Fig. 5c, g show a superior metallic Fe crystal
structure without amorphous domains. Thus, the active sites have
been removed and the H,-treated sample shows unsatisfied catalytic
performance that is similar to pristine Fe Foam without amorphous
domains. We also annealed the AB-treated R-Fe,0O5; Foam (800 °C) ina
vacuum at 1000 °C, and the highly efficient sample was transformed
into a non-active catalyst. These control experiments strongly confirm
that amorphous Fe domains in R-Fe;O3; Foam (800 °C) with abundant
defects and vacancies are the active centers for the hydrolysis reaction.
Supplementary Fig. 5d, h also shows the TEM images of R-Fe,O3 Foam
(800 °C) after operation for 500 h, and the amorphous domains are
well preserved, suggesting high stability in applications that require
long device lifetimes.

Element B plays an important role in both reduction and hydro-
lysis processes where the amorphous domains with abundant defects
and vacancies may react with B and form a Fe-B intermediate that
facilitates the reaction. The reaction of Fe** with borohydride solution
was actually used to form Fe-B composites in oxygen-free conditions.
Density functional theory (DFT) calculations have been used to
understand the effect of a Fe-B intermediate. In Fig. 4a four models
were thus built up. Pure Fe (110) and pure FeB crystal with (111) facet
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scheme: Fe (gray), B (green), O (red), N (blue), and H (white). b Energy profiles of
NH;BH; (left) and water (right) dissociated on the Fe (110), FeB (111), Fe (110);y-B,
and Fe44-B cluster surfaces. The top images show the transition states for AB and
water dissociations on Fe44-B, respectively. The reaction barriers of H,O and AB

dissociations are calculated to be 0.63 eV (H,0) and even no barrier (no TS*) with an
energy decreasing of — 0.43 eV (AB) on Fey4-B, and are 0.41 eV (H,0) and 0.07 eV
(AB) on Fe (110)3y-B, which are much lower than that on the other two reference
models (pure Fe (110), 1.35eV (H,0) and 1.13 eV (AB); pure FeB (111), 1.13 eV (H,0)
and 0.81eV (AB)).

(the dominant facet obtained in the experiment) were used as refer-
ence models. To simulate the Fe Foam with an amorphous region, both
the Fe (110)5y-B and Fey4-B models were used. The Fe44-B model was
based on an amorphous Fe,, cluster to simulate the amorphous Fe
domain. It should be noted that there are too many possible surface
models for the amorphous region, while in this work, we only select the
representative Fe (110)3y-B and Fe44-B models for calculation. The Fey4
cluster was first created by randomly removing 11 Fe atoms from a well-
defined Fess crystal cluster and then was optimized by structural
relaxations to obtain the final amorphous Fe,, cluster. A simulated
XRD spectrum was performed to confirm its non-crystal character-
istics. One B atom was located on a Fe vacancy to form the Fe,4-B
model. To consider the effect of surrounded crystal Fe atoms along
with the amorphous domain, the Fe (110)3y-B model was also built up.
Since the crystal face (110) was observed in TEM images, we have used
Fe (110) as the base plane while the amorphous part was simulated by
creating 3 Fe vacancies in the 16 atom unit (19 % vacancies), with a
structure optimization along with the vacancies. One B atom was then
located on a Fe vacancy to form the Fe (110);y-B model. In Supple-
mentary Fig. 10, two additional models, Fe (110)3y without B atom and
Fe (110),y with B but fewer Fe vacancies (Fe (110);,-B), were also

compared. Adsorption energies of H,O and AB on these six models are
shown in Supplementary Fig. 10a. Both Fe (110);y-B and Fe44-B exhibit
moderate adsorption capability for H,O and AB. Reaction pathways for
the dissociation of H,O and AB on Fe44-B, Fe (110)3y-B, Fe (110),y-B, Fe
(110), and FeB (001) are presented in Supplementary Fig. 10b. Inter-
estingly, the reaction barrier of H,0 dissociation on Fe,4-B is calculated
to be alow value of 0.63 eV, and there is even no barrier with an energy
decreasing of —0.43 eV for AB dissociation, in good agreement with
the fast hydrolysis reaction based on R-Fe,O; Foam (800 °C) (Fig. 4b).
The reaction barriers of H,O and AB dissociation on Fe (110)3,-B are
also low values of 0.41 and 0.07 eV, respectively (Fig. 4b). For com-
parison, the two barriers are considerably higher on pure Fe (110)
(E, =1.35 (H,0) and 1.13 (AB) eV, Fig. 4b) or pure FeB (111) (E, =113
(H,0) and 0.81 (AB) eV, Fig. 4b). All the models with both Fe vacancy
and B show low reaction barriers of H,O and AB, while the pure
amorphous model (Fe44-B) has even no AB dissociation barrier when
compared to the models with some vacancies and B. We further clarify
the roles of vacancy and B. For the Fe (110);y model without B, the H,O
dissociation (0.66 eV) has been greatly enhanced when compared to
pure Fe (110) (1.35 eV), suggesting the significant role of vacancies to
enhance the performance. A similar Fe (110);y model with less vacancy
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has also been calculated, showing an H,O dissociation barrier (1.06 eV)
between that of Fe (110);y and pure Fe (110). However, the AB dis-
sociation on Fe (110)3y without B is still high (0.53 eV) when compared
to that of Fe (110);y-B (0.07 eV) or Feyy-B (no energy barrier), sug-
gesting a significant contribution from B. The Fe (110)-B model with B
but without vacancies is also compared, with the high reaction barriers
of H,O (1.17 eV) and AB (0.84 eV) similar to that of pure Fe (110), con-
firming the key role of vacancies. Thus, the Fe-B intermediate in the
amorphous region with large amounts of vacancies can significantly
decrease the reaction barriers and improve the dissociation abilities of
H,0 and AB, as proved by both the Fe,4-B and Fe (110);y-B models.
Both Fe vacancy and B can contribute a lot to the catalytic perfor-
mance. With these excellent dissociation properties, R-Fe;03 Foam
(800 °C) can significantly facilitate the formation of NH;BH,* and OH*,
leading to the formation of NH3;BH,OH intermediates that are favor-
able for the hydrolysis of AB®”’. It should be noted that the first bond-
breakings of O-H and B-H in H,O and NH;BH; are actually the rate-
determining steps for the hydrolysis of AB*%, as shown in the full
reaction cycle (see Methods part, DFT Calculations). Thus the R-Fe,05
Foam (800 °C) shows an excellent catalytic performance. We also
measured the hydrolysis performance of AB catalyzed by commercial
FeB (Supplementary Fig. 11), which showed very low activity in good
agreement with the calculations.

In situ XAS spectra at Fe K-edge are shown in Fig. 3c to probe the
Fe-B interaction. The R-Fe,O3; Foam (800 °C) sample for the XANES
measurements was quickly token from the solution after working in AB
solution for 7 h, which was fresh and fully reduced to avoid the influ-
ence of oxidation. The XANES spectrum of R-Fe,O; Foam (800 °C)
measured in air is similar to that of Fe Foam (see Fig. 2c). Interestingly,
when immersed in AB solution to produce H,, an increased feature A
and a decreased feature B can be clearly observed, which can be
attributed to the formation of Fe-B intermediate (similar to the spec-
trum of FeB)*. For comparison, the pristine Fe Foam with fewer
defects or vacancies (Supplementary Fig. 12a) shows only slight spec-
tral changes when immersed in AB solution, suggesting weak or no
formation of the Fe-B intermediate. The in situ spectral change of the
R-Fe,03 Foam (800 °C) sample strongly confirms the formation of the
Fe-B intermediate during the reaction. In Supplementary Fig. 12b the
EXAFS data of R-Fe,03 Foam (800 °C) in AB also shows peak intensities
higher than that in air, suggesting the coordination number increases
with the Fe-B interaction®. The fitting results in Supplementary Table 2
agree well with the formation of Fe-B intermediate. XANES spectrum of
R-Fe,03 Foam (800 °C) exposed to air again can be recovered, sug-
gesting that the Fe-B intermediate mainly exists in the hydrolysis
process. B K-edge XANES spectra have been used to further confirm
the existence of Fe-B bonds in Fig. 3d. The main peak for all the sam-
ples can be attributed to B oxidized in air. However, a faint but clear Fe-
B feature can be observed for R-Fe,03; Foam (800 °C) (after immersion
in AB), strongly supporting the existence of Fe-B. It should be noted
that the B K-edge XANES spectra are more sensitive to the surface
information (when compared to the Fe K-edge XANES spectra in the
hard X-ray range), so the Fe-B residue in R-Fe;03 Foam (800 °C) can be
detected.

After the oxidation and reduction processes, amorphous domains
can be created in the Fe Foam. The abundant defects and vacancies in
amorphous domains can react with B to form Fe-B intermediate to
decrease the reaction barriers and improve the dissociation abilities of
H,0 and AB. The hydrolysis performance can thus be significantly
enhanced. The amorphous domains in the samples treated at different
temperatures are probed by TEM images in Supplementary Fig. 13,
which are proportional to the catalytic activity (Supplementary Fig. 14).
TEM image and elemental mappings of the spent catalyst are also
shown in Supplementary Fig. 15. The amorphous domains in R-Fe,03
Foam (800 °C) are also confirmed by the positron annihilation lifetime
spectra (PALS) in Supplementary Fig. 16, in which the increased

lifetime (1,) with enhanced intensity (I;) in R-Fe;O3; Foam (800 °C)
strongly suggests the presence of large amounts of large size defects
such as amorphous domains®**. Moreover, the Fe crystal structure
acts as a solid framework for the active amorphous domains
and maintains catalyst stability, leading to excellent long-term
performance.

In summary, the facile, reproducible oxidation and reduction
treatment of commercial Fe Foam demonstrated here has enabled
the efficient and stable Fe catalysts for AB hydrolysis. The notable
performances (TOF of 113.6 min™, about 771L H, in 900h, and
43.27 mL/(min-cm?) for 10x10cm?® of Foam) exceed reported
benchmarks (most <14 L H, in 45 h) and can even power a driven car
in a commercial fuel cell (180 ml Hy/min, 7.5wt% H,, 7.8V and 1.6 A
for at least 5 h). Critically, the catalytic activity advantage offered by
amorphous domains is combined with the stability brought by bulk
crystal structures. These results are promising for the development
of catalysts that can power vehicles by chemical storage in a
hydrogen-based economy.

Methods

Materials preparation

Fe Foam was purchased with Fe purity higher than 98.2% (measured by
an inductively coupled plasma (ICP) spectrometer). The Fe Foam is
mainly metallic Fe, according to XRD data, while the surface has been
oxidized in air. Except for the mentioned cases, Fe Foam with dimen-
sions of 1 x 1 cm? and a thickness of 1.6 mm has been used in this work.
The purchased Fe Foam has been carefully washed using acetone and
ethanol with 15 min sonication. Then the Fe Foam was heated to 60 °C
and kept for 5 h. For the oxidation process, the Fe Foam was sintered in
a muffle furnace in air at 800 °C for 7 h and then naturally cooled for
further reduction. The samples have been sintered at different tem-
peratures (300, 500, and 1100 °C) for comparison. A similar method
has been used to treat the Ni, Co, and Cu Foams (purchased with a
purity higher than 98%).

For the reduction process, the oxidized Fe,O; Foam was
immersed in 3M AB solution with 0.5M NaOH for 20 min. Then the
foam was thoroughly washed using water and ethanol for the hydro-
lysis of AB. The 20 min reduction in AB solution is good enough for
excellent catalytic performance, though there is still some oxidized
content in the R-Fe,O5; Foam. After a similar reduction process, R-NiO
Foam (800 °C), R-CuO Foam (800 °C), and R-CoO Foam (800 °C) were
also prepared. The catalytic performance is very stable even after
working for 900 h. However, to exactly reveal the catalytic center, we
used reduced Foam after working in AB solution for 7 h for the XAS
measurement, which can avoid the influence of the oxidized contents
in the sample. Various reduction agents have also been used for
comparison. The oxidized Fe,O; Foam was also immersed in 3M
NaBH, or LiBH, solutions with 0.5 M NaOH for 20 min. For the N,H,
treatment, the oxidized Fe,O; Foam was immersed in the solution
containing 40 mL water and 20 mL N,H, and then refluxed for 12 h at
95°C. For the H, treatment, the oxidized Fe,O; Foam was heated to
1100 °C (5°C/min) in a furnace with the 10% H,/Ar gas environment
and then kept for 3 h.

Structural characterization

The samples were measured by a high-resolution transmission
electron microscope (HRTEM) (FEI Talos F200x). The metal con-
tents were measured by an inductively coupled plasma (ICP) spec-
trometer (VISTA-MPX (CCD Simultaneous ICP-OES), Varian). X-ray
photoelectron spectrometer (XPS, Thermo Scientific K-Alpha +) and
X-ray diffraction (XRD, PANalytical B.V. Empyrean powder dif-
fractometer equipped with PIXcel3D detector) were used for
the structure characterization. X-ray absorption spectroscopy
(XAS) experiments were performed at the Shanghai Synchrotron
Radiation Facility (SSRF, 11B) and the National Synchrotron
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Radiation Laboratory (NSRL, Beamline MCD-B (Soochow Beamline
for Energy Materials)). The in situ XAS experiments at Fe K-edge
have been performed at beamline 11B at the SSRF. Positron annihi-
lation lifetime spectra (PALS) are measured by using the BaF,
detector with a high-resolution time of 210 ps. The radioactive iso-
tope of Na was used as the positron source with a total of 2 x10°
counts. The PALS experiments are performed at the positron
research platform of the Institute of High Energy Physics (IHEP) and
analyzed with the program LT9.0.

Catalytic activity measurement

The R-Fe,05; Foam (800 °C) was put in a one-neck round-bottom flask
(25 mL) sealed, and connected to a gas collecting tube. Then 2 mL AB
water solution (containing 3 mmol AB and 0.5 mmol NaOH, without
NaOH the performance will slightly decrease but no significant influ-
ence) was quickly injected into the flask. The experiment was per-
formed under room temperature and ambient atmosphere. The
reaction time was recorded when observing the first bubble. The
volume of hydrogen generation was measured by recording the dis-
placement of water. A similar method was also used for the hydrolysis
of LiBH, and NaBH, (2 mL water solution containing 3 mmol LiBH4 or
NaBH, with 0.5 mmol NaOH). The produced gas was identified as H,
using a gas chromatograph (GC7890T system, using N, as carrier gas).
The hydrolysis process can be described by the formula:
NH3BH; + 2H,0 =NH, "+ BO, +3H,. The area catalytic activity (A) is
calculated by using the foam area: A = Viy5/(Sroam*t) in which Vi, is the
amount of produced H, (mL). Sgoam is the foam area (cm?), while tis the
reaction time (min). For the long-term stability test, the R-Fe,O3; Foam
(800 °C) (1x1cm? was put in a big flask with 413 mL AB solution
containing 9.52¢g AB. The hydrolysis was continuously catalyzed by
R-Fe,03 Foam (800 °C) for every 24 h (bubbles can be observed), and
then the Foam was taken out to measure the catalytic activity in the
25 mL flask. The same Foam was put in the big flask again with fresh
413 mL AB solution to continue the stability test. It was measured for
900 h and the catalytic activity was measured several times (every 5h
in the first 100 h and every 100 h in the whole process). The TOF value
has been calculated by using the surface layer Fe as the active site. The
BET value of the R-Fe,O3 Foam (800 °C) is 2.3332 m?%/g, while the
weight of the Foam is 0.192 g. The diameter of the Fe atom is 0.28 nm,
and the Fe Foam density is 7.874 x 10° g/m?3. Thus the amount of one
surface layer Fe is 2.3332x0.192x0.28 x107° x 7.874 x10%/
56 =0.017 mmol. The TOF value can be: TOF = ny,/(Ngesurface) X t) = 6/
(0.017 x 3.106) =113.6 (H,) mol/(Cat-Fe)mol-min.

DFT Calculations

In the TEM image, the metallic Fe (110) in R-Fe,O53 Foam (800 °C) can be
clearly observed. We thus chose the Fe (110) (cubic Fe (Im_3m) crystal)
surface as the original plane for the following models: pure Fe (110), Fe
(110)-B (with B but no vacancy), Fe (110);y (without B), Fe (110),y-B and
Fe (110)3y-B. The pure Fe (110) surface was simulated by 4 x 4 unit cells
consisting of 4 atomic layers with 16 atoms per layer. To simulate the
amorphous region, we created 3 Fe vacancies in the plane (3/16,
around 19% vacancies) for Fe (110)3y-B, and then optimized the atomic
positions to form an amorphous state, as shown in Fig. 4a. For the Fe
(110),y-B model, 1 Fe vacancy in the 4 x 4 unit cell (16 atoms) was used.
Then one B atom was further introduced on the vacancy site according
to the experimental observation from XAS. The Fe (110);y model
without B was also constructed to reveal the B effect. It was worth
noting that the B atom was more stable (£ pinging=—7.74 €V) on the
defect Fe (110) site than on the pure Fe (110) (F pinding =~ 5.81€V) sur-
face. Therefore, the present discussions are based on the more stable
model with B located on a vacancy (Fe (110);y-B and Fe (110)3y-B). In
addition, we have also built the FeB (111) model ((111) is the dominant
facet observed in the XRD spectrum of FeB) from the FeB crystal
(Pnma) for comparison. A vacuum space of more than 15 A was added

in the c-axis direction for all models to avoid interactions between the
replicated cells.

To further approach the amorphous state, we have also created an
amorphous Fe cluster to simulate the pure amorphous Fe domain. The
amorphous Fe4, cluster (containing 44 Fe atoms) was first created by
randomly removing 11 Fe atoms from a well-defined Fess crystal clus-
ter. Then the created Fey, cluster was optimized by structural relaxa-
tions to obtain the final amorphous Fey, cluster. A simulated XRD
spectrum of the Fe,, cluster was performed to confirm its non-crystal
characteristics. One B atom was located on a Fe vacancy to form the
Fe44-B model.

The geometry optimizations and energy calculations for all spe-
cies were performed by means of periodic DFT with VASP 5.3 code®.
All atoms in the cell were permitted to relax during the following
optimization processes. The generalized gradient approximation
(GGA) with the Perdew-Burke-Ernzerh of (PBE) was applied to describe
the exchange and correlation term*, while the core-valence electron
interactions were represented by using the project-augmented wave
(PAW) method®. The valence electrons for each atom were expanded
in plane wave basis sets with cut-off energy at 400 eV. All intermediate
states (IS) were optimized until the self-consistence reached 1-107° eV
and 0.03 eV-A™ for the electronic and the ionic convergence, respec-
tively. The transition states (TS) related to the activation of water and
NH3;BH; were obtained by combining the climbing-image nudged-
elastic-band (CI-NEB) and improved-dimer (IDM) approaches®?”. The
TS was further confirmed by the existence of only one imaginary fre-
quency along the reaction coordinate. The preliminary CI-NEB steps
were converged to energies <110 eV and forces <0.1eV-A™ for
electronic energies and geometries, respectively, while the con-
vergence criteria for dimer steps were <1-107 and < 0.05eV-A™. The
reciprocal space in slab models was described by using a 3x3 x1 k-
point grid mesh, and I' point was used for isolated H,O and NH3;BH;
molecules.

The full reaction cycle for DFT calculation could be described in
the following steps®®*’:

NH,BH; +2* — NH;BH,* + H* 1
H,0+2* — H*+OH* @)
H*+H* — Hy*+* 3)
NH,BH,* + OH* — NH;BH,OH*+* )
NH,BH,OH* +* — NH,BHOH* +H* )
H*+ H* — H, +2* (6)
NH,BHOH* + OH* — NH;BH(OH),* +* @
NH,BH(OH),* — NH;BHO* +H,0 ®)
NH,BHO* + *OH* — NH;BOOH* + H* +* ©9)
H*+H* — H,+2* (10)
NH,BOOH* — NH; +BO; +* a1

Since the first bond-breakings of O-H and B-H in H,O and NH3BH;
molecules was generally the rate-determining step during the whole
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reaction cycle, we focused on the calculation and discussion of these
two initial processes on the Fe-based catalysts.

Data availability

The data that support the plots in this article and other findings of this
study are provided as a Source Data file. Source data are provided in
this paper. Source data are provided in this paper.
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