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Ammonia borane (AB), a liquid hydrogen storage material, has attracted
increasing attention for hydrogen utilization because of its high hydrogen
content. However, the slow kinetics of AB hydrolysis and the indefinite
catalytic mechanism remain significant problems for its large-scale practical
application. Thus, the development of efficient AB hydrolysis catalysts and the
determination of their catalytic mechanisms are significant and urgent. A
summary of the preparation process and structural characteristics of various
supported catalysts is presented in this paper, including graphite,
metal-organic frameworks (MOFs), metal oxides, carbon nitride (CN),
molybdenum carbide (MoC), carbon nanotubes (CNTs), boron nitride (h-BN),
zeolites, carbon dots (CDs), and metal carbide and nitride (MXene). In
addition, the relationship between the electronic structure and catalytic
performance is discussed to ascertain the actual active sites in the catalytic
process. The mechanism of AB hydrolysis catalysis is systematically
discussed, and possible catalytic paths are summarized to provide theoretical
considerations for the designing of efficient AB hydrolysis catalysts.
Furthermore, three methods for stimulating AB from dehydrogenation
by-products and the design of possible hydrogen product-regeneration
systems are summarized. Finally, the remaining challenges and future
research directions for the effective development of AB catalysts are
discussed.

1. Introduction

1.1. Hydrogen Energy-Liquid Hydrogen
Storage

Environmental pollution and high carbon
emissions from fossil fuels are unsustain-
able for future development.!l Therefore,
it is imperative to examine high-energy,
renewable, clean, and environmentally
friendly energy sources.”] Hydrogen en-
ergy is both a clean and low-carbon new en-
ergy source and an energy storage medium,
thus it will play an irreplaceable role in the
future energy structure.’) Compared to
common energy storage supports such
as supercapacitor battery compressed air,
hydrogen has evident advantages regarding
storage capacity and charging time.* In
terms of specific energy, hydrogen has
almost three times the specific energy
of gasoline. Moreover, hydrogen energy
is suitable for medium to large-scale en-
ergy storage applications.l’! The hydrogen
energy industry chains include hydrogen
production, storage, transportation, and uti-
lization, with storage being a key problem to
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Figure 1. a) Structure of AB, b) bond length of B-N, B-H, B-H, c) physicochemical properties of AB, d) density of states.

resolve.l®] Therefore, the development of new materials that can
provide high-quality and volume-density hydrogen with appro-
priate thermodynamic and kinetic properties is of great concern.
The most efficient and safest way to store hydrogen is to use a
solid medium such as an adsorbent material or hydride. Liquid
hydrogen storage technology provides a higher energy density for
hydrogen storage than for gas or liquid hydrogen storage tank
systems.l”] Additionally, liquid hydrogen storage has the follow-
ing advantages: First, no special hydrogen production facilities
or devices need to be built, nor are corresponding sites needed.
Second, large-scale hydrogen compression and storage facilities
are not required. Third, there are no constraints on high-pressure
transportation. Hydrogen can be produced on-site at hydrogena-
tion stations and does not require high-pressure transport. Fi-
nally, on-site independent hydrogen production is possible, each
hydrogenation station can produce hydrogen according to the
needs. Fuel cell vehicles use liquid hydrogen safe, efficient, and
low-cost.

1.2. Physical and Chemical Properties of AB

Ammonia borane (NH,BH,; or AB) is a simple molecular hy-
dride, whose structure is depicted in Figure 1. The bond lengths
of the B-N, B-H, and N-H bonds are 1.450, 1.080, and 1.110 A,
respectively (Figure 1b). The atomic formation energy for AB is
-0.326 eV, its energy above hull is 0.040 eV, and its band gap is
6.065 eV (Figure 1c). The densities of the AB states are shown
in Figure 1d. As a representative material for liquid hydrogen
storage, AB displays several advantages: high weight and volume
density, nontoxicity, moderate decomposition temperature, and
a white crystalline appearance with a density of 0.76 g cm™ at
room temperature.[® AB is highly stable in air, soluble in water
and other polar solvents, and is a suitable solid hydrogen storage
material. Moreover, AB is not only lightweight and has a high
hydrogen storage capacity (19.6 wt%), but also comprises only
non-toxic elements (B, N, H) that are inexpensive and widely ac-
cessible. Compared to other hydrogen storage materials, AB does
not require a conventional hydrogen production infrastructure,
large-scale hydrogen compression and storage, or high-pressure
transport. Hydrogen stored in AB can be released via pyrolysis (in
the solid state) or metal-catalyzed reactions in protic solvents,’!
such as water (catalytic hydrolysis!!l) or methanol (nonprotic sol-
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vent decomposition).l'!l Under various operating conditions, AB
thermolysis can rapidly provide high-quality hydrogen fuel by
heating composite materials.”! However, the practical applica-
tion of AB thermolysis is significantly impeded by the fact that
three primary requirements have not yet been resolved: 1) the
dehydrogenation temperature needs to be reduced to the fuel
cell operating temperature of 85 °C, 2) refining H, release ki-
netics at this temperature, and 3) inhibiting the formation of
volatile by-products (borazine and ammonia).[?] In aprotic sol-
vents such as methanol, hydrogen release from AB can also be
attained using homogeneous or heterogeneous catalysts. How-
ever, the amount of hydrogen released per mole of AB is small
and the hydrogen release rate is lower than that of other hydrogen
production processes.['3] Methanol and other hydrogen produc-
tion processes are also toxic. Hydrolytic dehydrogenation is the
most widely studied alternative method, because it can be carried
out under mild conditions." Furthermore, hydrolytic dehydro-
genation can be conducted at room temperature, and the reac-
tion rate can be artificially controlled. In this process, water is
not only used as the reaction medium but also as a pure hydro-
gen fuel source. According to Equation (1), in the presence of a
metal catalyst, 3 moles of hydrogen can be released per mole of
AB in hydorlysis.[*"]

NH;BH; + 2H,0 (1) - NH,BO, + 3H, (g) (1)

1.3. Standardized Description of Catalytic Performance Tests
1.3.1. Hydrolysis of AB in Reactors

Reactors can be classified into two main types, as illustrated
in Figure 2: those that rely on magnetons to drive the reaction
apparatus,['®l and those that use the catalyst to act as a magnet
within the reaction apparatus.''’! Typically, the catalyst is loaded
into a round-bottom flask, and a solution containing NH,BH,
rapidly injected using a gastight syringe. A gas burette filled with
water is connected to the flask to collect the gas, and a constant-
temperature magnetic stirring apparatus is used to maintain a
stirring speed of 500-1000 rpm. To ensure external diffusion of
the solution, magnetons can be added to nonmagnetic catalysts
(such as Ru, Pd, Rh, and Cu) (Figure 2a). In contract, for mag-
netic catalysts (such as Fe, Co, and Ni), the magnetic force of the
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Figure 2. Experimental device diagram. a) Reaction apparatus with driving by magneton. b) Catalyst acts as a magnet in the reaction apparatus. c)

Tandem reaction apparatus for hydrogenation with AB.

catalyst is used to determine the diffusion (Figure 2b). The tan-
dem reaction apparatus uses the H, produced from the hydroly-
sis of AB directly in hydrogenation reactions, such as the hydro-
genation of nitrobenzene, hydrogenation of phenylacetylene, and
amination of benzonitrile (Figure 2c),[®! thereby increasing the
application of liquid hydrogen storage materials.[**]

1.3.2. Standard Procedure for Dehydrogenation of AB

The standard procedure for AB dehydrogenation involves weigh-
ing the catalyst into a round bottom flask, adding water to ultra-
sonically disperse it consistently, and placing the flask in a water
bath at a controlled temperature and stirring speed. The prepared
aqueous AB solution is then added to a constant-pressure sepa-
ration funnel. Petroleum gel is applied to the relevant interface
to ensure airtightness and gas generation quantitatively evolved
through drainage gas collection. During the hydrogen production
test, the separatory funnel valve is opened, causing the AB aque-
ous solution to generate gas under the influence of the catalyst.
The gas produced is manually recorded over time, and the corre-
sponding turnover frequency (TOF) values are calculated using a
formula and plotted on a graph. The same procedure is followed
for the intermittent cycle test.

1.3.3. Error Control

For repeatability and reliability of the data, each sample is pre-
pared and tested at least three times, and error bars are added to
the data processing. The error margin of error should not exceed

5%. All tests are conducted in a natural environment at room
temperature.

1.3.4. Calculation of TON and TOF

The modified gas volume calculates as:

Adv. Sci. 2023, 10, 2300726

Vmodiﬁed = Vrecorded - Vblank (2)

The standard molar gas volume of H, L mol", Vi, = 24.49
L, when the temperature is 298 K.

At room temperature of 298 K, amount of substance for n(H,)
is calculated as

V rodified — Vi
n (Hz) — modified blank (3)
Vmy,

Turnover number (TON): Amount of product n(H,)/amount
of catalyst n,, produced per unit time (or period of time).

n(H,)

Peat

TON =

“)

Turnover frequency (TOF): Number of reactions per unit time
and per unit active site for a given temperature, pressure, reactant
ratio, and degree of reaction.

d(ny,)

TOF = —— (5)

Meat

The variable “n_,” represents the quantity of moles of the cat-
alytic active center. In the case of catalysts with metal loads lower
than 5%, the precise amount of metal present can be determined
by conducting an inductively coupled plasma (ICP) test. How-
ever, for catalysts with a theoretical metal load exceeding 5%, the
exact metal load can be determined through temperature pro-
grammed desorption. Calculation of metal load is not recom-
mended to rely on semiquantitative characterization methods
such as X-ray photoelectron spectroscopy (XPS) or energy dis-
perse spectroscopy (EDS).
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1.3.5. Analysis Data of Hydrogen Production

There are three common methods used to determine the reaction
order in the catalytic hydrolysis of AB: the differential method,
the integral method, and the unit method of velocity constant.
When using the differential method, the change in reaction con-
version rate should not exceed 5%. The variation in calculation re-
sults reported in different literature is mainly due to inconsistent
selection of conversion rate. The primary concern is determining
the reaction order with respect to the catalyst, rather than with re-
spect to AB (typically first order for the catalyst and zero order for
the reactant).

1.3.6. The Effect of Sodium Hydroxide

In previous research, sodium hydroxide and potassium hydrox-
ide were thought to act as cocatalysts for AB dehydrogenation.!'”]
A reasonable explanation is that OH" ions attack B and promote
the cleavage of B-H. However, the corrosion of metaborate BO, ™,
Na*, K produced rapidly in strong alkali environment on the cat-
alyst surface is not negligible. BO,~, Na*, and K can cover and
damage the active site, resulting in a short-term reduction in
catalyst durability.[?] Therefore, the concentration of the added
strong base must be considered when calculating the catalytic ac-
tivity of AB dehydrogenation systems using sodium hydroxide or
potassium hydroxide.

1.3.7. Theoretical Principles of Catalyst Design

Arrhenius equation:

Ea
k= A-exp [<_ﬁ‘)] (6)

kis the rate constant, R is the molar gas constant, T'is the thermo-

dynamic temperature, E, is the apparent activation energy and A

is the finger front factor (also known as the frequency factor).
Apparent activation energy:

E,=A, H' +AnRT =A,G' +TA S 7)

Introducing the transition state view into the Arrhenius equa-
tion leads to the following formula:

k = (kyT/h) -exp (A,S,#/R) - exp (—A,H, #/RT) 8)

Kj is Boltzmann constant, h is Planck constant, R is gas con-
stant.

Unique process to increase the catalytic rate constant, k, ac-
cording to the Arrhenius formula (Equation 6), is to raise the ther-
modynamic temperature, T. However, investigating the effect of
temperature on activity is not usually the focus of catalytic sci-
ence research. Instead, the most common approach is to decrease
the activation energy, E,, while maintaining a constant tempera-
ture. Catalysts such as RuNi/TiO, (914 min~!, 28.1 KJ mol™),?!]
Ni,Pt@ZIF-8 (2222 min~!, 23.3 KJ mol?) ¥l and CuCo,0, (104
min~, 22.6 K] mol!),[22 have all shown improved catalytic activ-
ity as a result of reduced activation energy. On the other hand, cat-
alysts such as Pt;;4,C050,/TiO, (2250.0 min~!, 63.8 KJ mol!){*]

Ady. Sci. 2023, 10, 2300726
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and CoNiP@GO (151 min~, 44.1 KJ mol™),?*] have high activa-
tion energies and high catalytic activity. Combining Equations (6)
and (7) yields Equation (8). In addition to decreasing the activa-
tion energy (AE,, or the activation enthalpy, ArH,), catalytic ac-
tivity can also be increased by increasing the orientation factor
(ArS,,, or the activation entropy). The value of ArS,, depends on
the arrangement and combination of active sites, especially in
the case of multisite catalysts. The design of bimolecular active
sites can therefore increase the rate constant k and improve AB
hydrolysis activity by increasing ArS, .

1.4. Performance of Catalysts

As a representative of chemical hydrogen storage, AB has been
extensively studied for its high-density hydrogen release proper-
ties in liquid systems. With the growing interest in hydrogen en-
ergy, research on AB dehydrogenation has gradually gained trac-
tion since 2006 (Figure 3a—c). From 2012 to the present day, the
annual number of relevant papers has remained steady at around
300, with an upward trend. These papers have been cited approx-
imately 15 000 times per year. A variety of transition metals are
employed for AB hydrolysis, with noble metals such as Pt,[®’]
Rh,[2%] Ru,[?71 Pd,128] and non-noble metals such as Co,[? Ni,[3"]
Cu,[2231 and Fel®”] being the most commonly used.

Tables 1 and 2 summarize the TOF, activation energy (E,),
particle size (nm), durability, and other relevant information
on noble and non-noble metal catalysts over the past decade.
As shown in Figure 3d, among the non-noble metal catalysts,
the catalyst 1.5Co1.5Ni/molybdenum carbide (MoC) synthesized
by Ma et al.®¥ has the highest TOF of 321 min~! among
the non-noble metal catalysts. Among all Ni-based catalysts,
the Ni,,Co, ;P/graphene oxide (GO) catalyst designed by Chen
et al.?* had the highest activity of 154 min~!. The highest cat-
alytic activities for the Cu-based**! and Fe-based!®! catalysts were
105 min~! and 72 min~?, respectively. As shown in Figure 3e, the
Rh,/CeO, catalyst reported by the Ozkar group!*’! exhibited the
highest catalytic activity among the Rh catalysts, and the highest
activity among all the catalysts, with a TOF value of up to 2010
min~!. The Pt,/graphene catalyst reported by the Lu group!*!
has the highest activity (2800 min~!) among platinum-based cat-
alysts. The Ru-based catalyst supported on TiO, reported by Li
et al.l*] has the highest Ru activity. At present, the catalytic ac-
tivity of palladium metal is relatively low, and the highest activity
was demonstrated by the Pd/alk-Ti,;C, catalyst reported by Liu
et al.[*% with a TOF of 231 min~!.

Furthermore, some ultrahigh activity catalysts have been re-
ported. Liu et al. loaded RuP on NHMC and obtained the
RuP@NHMOC catalyst with a catalytic activity of 1774 min=1.[*!]
The Saim Ozkar group designed the Pt°/CoFe, O, catalyst with a
catalytic activity of 3628 min~.[2] Subsequently, Pt’/Co,0, cata-
lysts were designed with even higher activity at 4366 min~'.[2°3
The PtNi-CNT catalyst synthesized by Chen et al. has a catalytic
activity of 12000 min~!, much higher than that of the current
catalyst.[**] This ultrahigh activity of PtNi-CNT catalyst is mainly
due to the large amount of non-noble metals in the catalyst. The
catalytic activity of non-noble metals is not accounted for when
the activity of noble metals is calculated.

2300726 (4 0f49) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. a) Network visualization of AB related keywords, b) and AB visualization hotspot research in the last 20 years c) Number of articles and
citations on AB hydrogen production from 2002 to 2022. d) The highest TOF of noble metals Co, Ni, Cu, and Fe. e) The highest TOF of non-noble metals

Pt, Rh, Ru, and Pd.

2. In-Depth Discussions on Supported Catalysts

In this chapter, the preparation process and structural charac-
teristics of various supported catalysts are briefly introduced, in-
cluding graphite, metal-organic frameworks (MOF), metal oxide,
carbon nitride (CN), MoC, carbon nanotubes (CNTs), boron ni-
trides (h-BN), zeolites, carbon dots (CDs), metal carbide and ni-
tride (MXene) (Figure 4). The role of the support in influencing
the active center and enhancing the catalytic activity during AB
hydrolysis is analyzed accordingly.

2.1. Graphene-Based Materials

Graphene, owing to its large specific surface area, act ideal sup-
port materials for the growth and dispersion of metal nanopar-
ticles (NPs).[11>2%5] Several strategies, such as NaBH, impregna-
tion reduction,?? hydrogen impregnation reduction,?*%) atomic
layer deposition (ALD),!*¥] MOF precursor pyrolysis?*l and metal
hydroxide pyrolysis!'**] have been used to precisely and control-
lably load transition metal NPs on GO for AB hydrolysis. Various
of AB hydrolysis catalysts supported on GO have been designed,
and the active center and AB hydrolysis mechanism of GO-based
catalytic materials have been systematically analyzed.[®>223.246] At
present, GO is only used as a support to improve metal disper-
sion and anchor active sites. Whether the support GO is involved
in the AB hydrolysis reaction as an active site has not been dis-
cussed in depth. The feasibility of Pt,/graphene as a commercial
catalyst for AB hydrolysis can be evaluated as it currently has the
highest catalytic performance.[3]

Li et al. successfully prepared Ru particles with a diame-
ter of approximately 1.3 nm on reduced graphene oxide (rGO)
sheets via strong electrostatic interactions.!?*’] The X-ray diffrac-
tion (XRD) results showed a new diffraction peak, Ru (101),
at 43.6°, proving the successful loading of Ru nanoclusters on
the rGO sheet. Ru/rGO nanocomposites (NCs) have a low-

Adv. Sci. 2023, 10, 2300726

temperature gradient E, 38.12 KJ mol~!. Fan et al. first synthe-
sized graphite-like NCS by direct carbonization of Na,EDTA in
air. Then RuNi NPs (2-2.5 nm) were deposited on the NCS by
an in situ impregnation-reduction method (Figure 5a). The cat-
alytic performances of different RuNi ratios for AB hydrolysis
were investigated. Ru, Ni; o, /NCS had a TOF value of 824 min~!
and the lowest E, of 26.5 K] mol~!. On the surface of nitrogen-
doped hollow and mesoporous carbon (NHMCs), Liu et al. suc-
cessfully supported two Ru-based catalysts RuP@NHMCs!*!I
and RbNi@NHMCs, 7] with TOF of 1774 and 1294 min~", re-
spectively (Figure 5b). Further isotope tracing experiments con-
firmed that O—H dissociation was the rate-determining step. Us-
ing methylamine borane as a reducing agent, Liu et al. synthe-
sized PA@Co@P transition metal phosphide NPs with a core—
shell structure on GO by a one-pot co-reduction method at room
temperature.l?*%] Lu et al. deposited Pt, dimers on GO via two
consecutive atomic layer deposition ALD processes.[*®! Pt Single
atom was formed on the GO surface after the first deposition of
ALD at 150 °C (Figure 5c); after the second Pt ALD, single atom
Pt adsorbed a certain number of Pt atoms to form Pt, dimer. In
the AB hydrolysis reaction, the adsorption energies of AB and H,
on the Pt, dimer were lower than those on the Pt; single atom
or Pt NPs. The dimer Pt,/graphene catalyst showed significantly
higher activity, approximately 17 times and 45 times higher than
graphene-supported Pt; monatomic and Pt NPs, respectively.

Li et al. synthesized multilayer Co-based core-shell compos-
ites on N-doped GO surface by adding polyvinylpyrrolidone and
a Co-based MOF precursor thermal decomposition method (Fig-
ure 6a). The synergistic effect of the Co-CoO,, structure increased
the hydrolysis activity of AB, with a hydrogen generation rate of
5560 mL min~! g ~1.[Y7] Furthermore, Co;0, nanocrystals (NCs)
have been used as oxidants to modify and etch graphene sheets
to improve the hydrogen production activity of porous graphene
(Figure 6b).[%] Chen et al. obtained a nitrogen-doped cobalt-based
catalyst Co@N-C, through the controlled pyrolysis of Co(salen),

2300726 (5 0f49) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Table 1. Performance indicators for non-precious metal catalysts from 2009 to 2022.

Years Catalyst TOF [min™] E, [K) mol"] Size [nm] Durability TIK] Refs.
2009 Co-B 8.2 44.0 - - 298 [44]
2010 Ni NPs 8.8 28.0 3.0 - 298 [45]
2010 Co nanoparticles 29 - 5.0 - 298 [46]
2011 Feg3Cog 7 23.6 16.3 20.0 - 293 [47]
2011 PEG stabilized iron(0) 6.4 37.0 6.3 - 298 [48]
2011 Ni/AB =0.019 8.4 - 4.5 - 298 [49]
2012 Surfactant-free Ni NPs 30.7 - 5.0 - 298 [50]
2012 Co-P-B 21.0 38.8 - - 298 [12]
2013 Ni@meso-SiO, 18.5 29.0 - - 298 [51]
2013 Cu@Co/rGO 8.7 51.3 - - 298 [52]
2014 MWCNTs - 50.4 - - 298 [53]
2014 PEI-GO/Co 39.9 28.2 2.6 - 298 [54]
2014 50 W Co 7.0 60.0 200.0 - 298 [55]
2014 Cug,Nigg/MCM-41 10.7 38.0 - - 298 [56]
2014 Ni/C-3 2.2 316 10.0 - 298 [57]
2014 CuCo/MIL-101 19.6 - 2.0 - 298 [58]
2015 Ag/Ni - 25.0 2.5 - 298 [59]
2015 PVP-stabilized nickel (0) 12.1 65.0 3.0 - 298 [60]
2015 Ni-CNT 23.5 - - - 298 [67]
2015 Flower-like Cu 2.41 34.2 - - 298 [62]
2016 CNG-I 9.4 35.4 20.0 - 298 [63]
2016 CCGC 4.5 47.1 50.0 - 298 [64]
2016 Co@CoOx@N-CG 14.7 36.6 50.0 - 298 7]
2016 NiCo,0,/Ti 50.1 17.5 - - 308 [65]
2016 Ni,P NA/NF 423 44.0 - - 298 [66]
2016 Co@N-C-700 5.6 31.0 9.0 - 298 [67]
2016 CoBSSR 6.9 22.8 - - 298 [68]
2016 NigoMoyg 1/graphene 66.7 21.8 3.4 - 298 [69]
2016 Ni/MIL-101 54.0 - - - 298 [70]
2016 CuggNig, - 40.5 - - 298 71
2016 Co/CTF 423 - 4.0 - 298 [72]
2017 Co-Co3O,@C-Il 14.1 37.1 15.0 100%/6 298 [73]
2017 Ni,., Co,P 58.4 43.2 6.5 - 298 [34]
2017 CuCo/MIL-101-1-U 51.7 30.5 4.5-8.5 - 298 [74]
2017 CuCo,0, 440 236 - 95%/8 298 [75]
2017 Nio/PDA-CoFe, O, 7.6 50.8 123 100%/10 298 [76]
2017 NiNPs/ZIF-8 85.7 42.7 2.7 100% /4 298 771
2017 NiggWo., 25 473 - - 298 [78]
2017 Co/g-C3N,-1 55.6 - - 100%/10 298 [79]
2017 Co/C3N,-540 833 - - - 298 [80]
2017 Co/NPCNW 7.3 25.4 40 94.6%/10 298 [81]
2017 Cu,Ni;@MIL-101 20.9 32.2 1.5-2.0 75%/5 298 [82]
2018 8.9 Ni NP 154.2 66.6 8.9 90%/4 298 [83]
2018 Co-W-B 838 32.2 67.3 78.4%(5 298 [84]
2018 Cog5Cup,MoO, 55.0 - - - 298 [85]
2018 Cu(OH),/Fe(OH); 135.6 42.6 - - 298 [86]
2018 CuO-NiO/C 62.5 59.4 - - 298 [87]
2018 CoO,-PG 3.9 51.3 20.0 90%/5 298 [88]
2018 Ni-CeO, /graphene 68.2 28.9 10.0 - 298 [89]
2018 Cug.7,Cog.1gMog 46.0 45.0 5.5-6.0 - 298 [90]
(Continued)
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Table 1. (Continued).

Years Catalyst TOF [min7] E, [K) mol"] Size [nm] Durability T[K] Refs.
2018 Co@NMC-800-0.5 41.6 12.5 - 298 [97]
2018 Cug5Coq5sO-rGO 81.7 453 - 88.3%/5 298 [92]
2019 Co-CoOx@NCS-II 14.6 46.4 7.2 - 298 [20]
2019 Co@C-N@Si0O,-800 8.4 36.1 - 98%/5 298 [93]
2019 Cu/Co(OH), 61.6 37.6 5.0 - 298 [94]
2019 Coy ¢7Nig33/Al, 05 34.5 32.4 - - 298 [95]
2019 Ni/g-C3N, 18.7 36.0 3.2 75%/4 298 [96]
2019 NiCu/47-Si0, 253 342 47.0-485.0 90%/5 298 [97]
2019 Co(5)@KD 20.1 326 3.1-4.0 - 303 [98]
2019 81.8 25.0 3000 - 298 [99]
Co,Cuy_,Co,0,@Co,Cu;_,Co,0,
2019 Co;0,/CuMoO, 129.1 232 - - 298 [100]
2019 Nig 66 C00.19Po.15/ OPC-300 95.2 - 1.2 85%/5 298 [107]
2019 Nig5Coy5sO-NCN 76.1 432 5.0 83.2%/6 298 [102]
2019 Co/V,05-300 120.4 - - - 298 [103]
2019 PF5-1 12.3 30.8 - . 298 [104]
2019 Ni-Fe-P/Ni 1.8 42.0 - - 298 [105]
2019 Cug4Coge/BNNFs 8.4 218 7.2 55%/5 298 [106]
2019 30% Co/HPC900 2.9 32.8 15.0-30.0 90%/12 298 [107]
2020 Ni; ,Feg s @CN-G 23.3 36.8 4.0 - 298 [108]
2020 Co-CN-0-100 14.4 39.4 42 - 298 [109]
2020 Co-CoO, @GO-II 15.3 62.3 - - 298 [170]
2020 COTC-I 15.6 385 20.0 - 298 [1171]
2020 10%-CoNi/HPC-400 27.2 34.0 7.8 - 298 [112]
2020 Cu,0-CoO 34.1 34.1 - - 298 [113]
2020 Co3,Cus.,(PO,), 72.6 29.0 - - 298 [114]
2020 Cug; @Cug ;CoO, @GO 44.6 35.4 5.0 - 298 [115]
2020 CuNi-MOFs 40.9 29.0 - - 298 [116]
2020 CuO-NiO/Co;0, 79.1 23.7 - - 298 117]
2020 SCoyg43Cug 57 5.7 311 - 71.8%/5 298 [118]
2020 Cug 36 Nigg4-T700 21.9 27.4 8.0 49.4%/5 298 [119]
2020 125.2 - - - 298 [120]
Nig 3 Cog 19 Pg.ss @NHPC900
2020 NiCoP/TiO, - 52.8 - - 298 [30]
2020 Co-Mo-B/NF 15.9 43.6 60.0-70.0 - 298 [127]
2020 Co-Co;0,/CDs 18.0 40.0 - - 298 [122]
2020 Co/Cu-190 164.8 - 190.0 - 298 [123]
2020 CuCo(O)@CN 12.4 33.8 - 64.7%(5 298 [124]
2020 NiCu/CNS 30.6 - - - 298 [125]
2020 CuPd, o, @ZIF-67@ZIF-8 30.2 38.8 2.8 - 298 [126]
2021 Ni/FeNiO,-25 72.3 39.2 - - 303 [36]
2021 Cugs @Coy5-MOF/5 130.0 26.5 5.5 - 298 3]
2021 NiMn-decorated CNFs 58.2 38.9 60.0 100%/5 298 [127]
2021 CoypCugy@ S16LC-20 16.4 38.1 8.0 - 298 [128]
2021 cZIF-67_um 13.5 - - - 298 [15]
2021 Co30,4-CuCo0, 65.0 20.5 - - 298 [129]
2021 CuCo,0, 104.0 22.6 - - 298 [22]
2021 Nig 25 Cog 750/Cu@CuO 1.5 - - - 298 [130]
2021 CuMo0O,-CoMoO, 104.7 38.4 - - 298 [35]
2021 1.5Co1.5Ni/a-MoC 3211 - - - 298 [33]
(Continued)
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Years Catalyst TOF [min™] E, [K) mol"] Size [nm] Durability TIK] Refs.
2021 Co@Co,Mo; 0 17.3 51.8 - - 298 [29b]
2021 Ni/NiO@MoO,-50H 86.3 27.1 - - 298 [131]
2021 W150,44SU 53.1 - - - 298 [132]
2021 hcp-CuNi/C 22.6 29.9 - - 298 [133]
2021 rGO/CoNi-N 126 32.8 8.0 - 298 [134]
2021 Cu0-Co;0, 33.4 39.6 - - 298 [135]
2021 Zr-Ni-B 0.9 79.7 - - 298 [136]
2021 10Ni;0Mo,C/y-Al, 05 75.1 33.1 - - 298 [137]
2021 Co/CeVO,@PDA37 115.4 - - - 298 [138]
2021 Cog;Nig3 35.3 23.6 - - 298 [139]
2021 GR 0.1 - 100.0 - 298 132]
2021 CuFe LDOs - 35.9 - - 298 [140]
2021 ZIF-67@Co 1123 - - 92%/5 298 [141]
2021 CoFe, 0, 4.1 47.9 - - 303 [142]
2021 CoP-CoO/NCDs 89.6 41 - - 298 [143]
2021 Nig13Cog57P 47.5 4138 - - 298 [144]
2021 NiCo-NC 35.2 43.6 - - 298 [145]
2021 G-Cu/y5-Ni-NiO, 17.7 - 10.0 - 298 [146]
2021 CoNiP/GO 134.6 44.1 - 84.6%/5 298 [24]
2022 Co-NC/NFgy 3.0 64.0 298 [147]
2022 Co;BCoP/h-BN 37.0 51.8 298 [148]
2022 Co,4N-Co;0,@C 79.0 28.8 93%/5 298 [149]
2023 Co-CoP-NC/NF-2 10.0 30.6 8.8 - 298 [150]
2023 0O-(CoP/Co,P)@SC 35.0 57.9 200.0 - 298 [151]
2023 10Ni30Mo,C/CNTs 71.0 41.7 - - 298 [152]
2023 CoCu-BCs/GO 72.4 47.8 - 60%/5 298 [153]

and systematically studied the effect of pyrolysis temperature on
the catalyst structure and hydrolysis activity of AB. The optimum
mesopores and micropores were obtained at 700 °C. The pre-
pared catalyst has a catalytic activity of 5.6 min™ and E, of 31.0 K]
mol~!, and can be used at least ten times.l®”] Zhong et al. success-
fully prepared a CoNiP/GO catalyst on a GO surface through the
second metal Ni and phosphating experiment (Figure 6¢c). The
X-ray absorption spectroscopy (XAS) experimental results con-
firmed that the addition of a small amount of Ni (1.7 wt%) could
significantly regulate the electronic structure of Co in the catalyst.
The synergy between Co, Ni and P weakens the B-N bond energy
in the AB molecule and improves catalytic performance.?* Li
et al. synthesized defect-rich Co—CoO,, on graphene through con-
trolled carbonization and oxidation with a hydrogen generation
rate of 5813 mL min~! g, 71111 A Co-C-rGO composite material
(CCGC) with catalytic activity and superparamagnetic properties
was synthesized using the inherent magnetism of ferromagnetic
catalysts. CCGC acts as a nanodriver and simultaneously realizes
the momentum transfer and hydrolysis of NaBH, or H;NBH,
to produce hydrogen.[®* Transition metal nitride catalysts sup-
ported on rGO were synthesized carbonizing of bimetallic CoNi
organic complex precursors (Figure 6d).'**] The unique mor-
phology of rGO/CoNi-N enables full exposure of the active cat-
alytic sites and easy mass transfer, with a TOF of 126 min~! and
an E, of 32.8 K] mol~'. Li et al. designed a composite magnetic

Ady. Sci. 2023, 10, 2300726

force driving catalyst with Co as the core, g-C;N, as the shell and
rGO as the support, with a catalytic activity of 1253 mL min~!
g, " (Figure 6e). Lu et al. synthesized molybdenum-doped mod-
ified Ni NPs were synthesized on graphene sheets via a simple
chemical reduction pathway, where the highest catalytic activity
for hydrogen production from AB hydrolysis by a non-precious
metal catalyst was achieved with a turnover frequency of up to
66.7 min~!. Molybdenum doping induces a reduction in the size
of the metal NPs, with the size of the Ni NPs being reduced from
10.4 nm to 3.4 nm.

2.2. Confinement Effect of MOFs

MOFs, consisting of metal ions and organic ligands, have ad-
vantages over traditional inorganic supports.?*®! The high poros-
ity, large surface area, and chemical stability of MOF can limit
and stabilize catalytically active metal NPs and fully exposed ac-
tive sites.1¥7249] At the same time, the interaction between MOF
and the active metal can promote the adsorption of borohydrides
such as AB on the catalyst surface.[?>°! A variety of MOF materi-
als and MOF derivatives, such as MIL-101,/>°"] ZIF-67,[%°?] and
ZIF-8,253] are commonly used as supports for AB water inter-
pretation of hydrogen, including noble and non-noble metals.
To further improve the catalytic activity, the next step is to study

2300726 (8 0f49) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Years Catalyst TOF [min™] E, [K) mol] Size [nm] Durability TIK] Refs.
2011 Cog 3, @Pty3/C 12.9 41.5 2.5-4.0 - 298 [154]
2012 2 wt% Pt@MIL-101 26.4 - - - 298 [155]
2012 1.0-Ru@Al, 0, 833 58 2.2:2.9 - 298 [156]
2012 Ni@Ru core@shell - 39.1 20.0 - 298 [157]
2012 RGO/Pd 6.3 51 1.8 - 298 [158]
2013 Ru(0)@HAp 137.0 59 4.7 92%/5 298 [27¢]
2013 NiCo-Pt 15.0 45.7 - 83%/5 298 [159]
2013 Ag@Co/graphene 102.4 20.0 - 49.7%/5 298 [160]
2013 Ago 1 @Cog 45Nig 45/graphene - 36.2 - 51%/5 298 [161]
2013 AuNi@MIL-101 66.2 - - - 298 [162]
2013 Metastable RuNPs 21.8 27.5 22 - 298 [163]
2014 Pd(0)/SiO,-CoFe, O, 254.0 52.0 - - 298 [164]
2014 Pt/CNTs-O-HT 468.0 - - - 298 [165]
2014 Pt/CNT 400.0 38.0 1.8 - 298 [166]
2014 AuCo@MIL-101 235 - - - 298 [167]
2014 PAN/Ag/Pd 377.2 - 5.0-10 - 298 [168]
2014 Pt:Ni = 4:1 638.0 - 3.0-5.0 - 298 [169]
2014 Ru@Sio, 200.0 38.2 25.0 - 298 [170]
2014 Pd-Pt @PVP NPs 125.0 517 4.2 - 298 [177]
2014 Pd-Rh@PVP NPs 1333.0 46.1 2.5 - 298 [172]
2015 Au-Co@CN 48.3 - - - 298 [173]
2015 Ru@SBA-15 NCs 316.0 34.8 3.0 - 298 [174]
2015 Ru;Coy/Ti3 C, X, 896.0 311 2.0-3.0 - 298 [175]
2015 Rh/CNTs 706.0 32.0 - 298 [176]
2015 Rhy/CeO, 2010.0 43.0 2.5-3.5 67%/5 298 137]
2016 RuNi/TiO, 914.0 28.1 23 - 298 [27]
2016 Pd-Ru core—frame 792.0 - 2.0 - 298 n77
2017 Pty sRugs /CNT 745 36.0 2.0-2.5 - 298 [178]
2017 Pd0/PDA-CoFe, 0, 175.0 65.0 1.4 - 298 [179]
2017 Rh/Ptriaz)-free 260.0 - 1.0 - 298 [180]
2017 Pt1/graphene-R 2800.0 - 1.8 - 300 [38]
2017 Pt;Ni;O-NGO 709.6 - - 76%/9 298 [181]
2017 SNP-Ptg, Tiss 51.6 39.4 - 63%/5 298 [182]
2017 1/1000Pt+Ni/CNT 12000.0 - SACs - 298 [43]
2018 Ni, Pt@ZiF-8 2222.0 233 - - 293 [18]
2018 Pd-Au/IOP 25.0 52.5 1.5 - 298 [28a]
2018 situ-Rh/C 762.6 40.9 0.7-0.9 61.2%/8 298 [183]
2018 Rh(0)/nanoCeO, 144.0 - 3.9 - 298 [184]
2018 Ru0/ZrO, 173.0 58.0 1.4 67%/5 298 [185]
2018 Pt,Co;/1 303.0 28.8 2.0 - 293 [186]
2018 Ru/C-300 643.0 38.7 2.0 50%/8 298 [187]
2018 Pd;4Ni,g/MCN 246.8 54.1 2.4 - 298 [188]
2018 NiPd-NG-Si 815 18.8 - - 298 [189]
2018 PtCo,,/CNTs 675.1 44.7 2.0-3.0 - 298 [190]
2018 HPRhS 296.1 - 2.3-2.8 - 298 [197]
2018 Rh/AC 188.0 39.9 2.9 100%/5 298 [192]
2019 Pt1/Co;0, 1220.0 37.4 SACs - 298 [193]
2019 Rh/WOs;., 805.0 50.5 1.7 29.7%/5 298 [194]
2019 PtCoNi-BOFs 1490.0 15.8 - - 298 [25b]
2019 Ru/FAU (Si/Al = 30) 627.0 60.7 1.8-2.1 - 298 [195]
(Continued)
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Table 2. (Continued).

Years Catalyst TOF [min~] E, [K) mol"] Size [nm] Durability TIK] Refs.
2019 Rh@S-1-H 699.0 75.5 SACs - 298 [196]
2019 Rh0/CoFe,0, 720.0 66 2.0 100%/5 298 [197]
2019 RuCo@HCSs 784.0 27.4 10.0 - 298 [27b]
2019 CoRug s @N-C 457.8 325 - - 298 [198]
2020 mpg-CN/Pt 274.2 - 4.0-6.0 78%/10 298 [25¢]
2020 Pt/CNT-5W 710.1 - 1.8-2.1 68%/5 298 [199]
2020 Rh/o-Ti;C, T, 2021.0 18.7 2.6 53%/5 298 [200]
2020 Ru/PC 744.0 39.1 5.0-7.0 53.9%/5 298 [201]
2020 AB@Pd/HNTs - 46.0 2.0 - 333 [202]
2020 Pt,¢Au;,Cor, 450.0 18.5 - 56%/5 298 [203]
2020 STA-Pt/CNT 517.0 - 1.8 - 298 [204]
2020 Ru/g-C3N, 122.2 35.6 - - 298 [205]
2020 Ruy.Pd,/g-CsN, 984.0 24.2 2.3-2.8 - 298 [206]
2020 Rug sNigs/p-g-C3N, 840.0 14.1 - - 298 [27a]
2020 Fe;0,@Si0,:g-C;N, 33.7 31.4 7.6-9.8 - 298 [207]
2020 C-AuPd 160.0 22.4 - - 298 [208)
2020 CoRh@PVP 154.0 42.7 3.4-38 75%]5 298 [209]
2020 Rug sONig s0-SiO, 33.6 - - - 323 [210]
2020 Al,O;-PtNi 426.8 45.7 3.0-5.0 - 298 [211]
2020 Ag@Pd Core-shell 103.7 31.8 - 92%/5 298 [212]
2020 porous Pt,sPd;s 69.8 29.1 - - 298 [213]
2020 Ru, Fe; /N-C 424.0 33.7 2.0-4.0 - 298 [214]
2020 CuPdy o @ZIF-67@ZIF-8 30.2 38.8 3.0 - 298 [126]
2021 Rug ¢Cug4/TiO, @C-N 626.0 26.3 5.5 - 298 [215]
2021 Ni;Ru1/TCN 1046.2 243 - - 298 [216]
2021 Pd/alk-Ti;C, 231.0 21.2 4.9 - 298 [40]
2021 Pty/Co30, 4366.0 71.0 3.5-4.0 100%/10 298 [25a]
2021 Rug/CeFe 93.0 - - 100%/5 298 [217]
2021 Rho/WO, 749.0 39.0 4.8-6.0 - 298 [218]
2021 Rh/Al,0,-CTAB-400 246.8 47.9 - - 298 [219]
2021 Rh/UiO-66-NH, 876.7 223 3.0-4.0 62.5%/5 298 [220]
2021 Pt-PVP/SiO, (M) 371.0 46.2 2.0-3.0 - 298 [227]
2021 Rh,P@HMC 939.0 37.9 - - 298 [222]
2021 RuqNi; g9/NCS 1017.0 26.6 2.0-3.0 64%/5 298 [223]
2021 Rug1Cogo/g-CsN, 1260.0 22.5 16 - 298 [224]
2021 Ru/p-C 744.7 28.8 4.1 - 303 [225]
2021 CoRuq5s/CQDs 814.7 393 - - 298 [226]
2021 Ru/h-BN 1177.5 24.1 - - 303 [227]
2020 Pt?/CoFe, O, 3628.0 65.0 23 - 298 [42]
2021 Rh,Cu, /CoOx 670.9 28.9 4.4-7.6 - 298 [228]
2021 Rh/Ni@NiN-C 782.2 25.9 4.0 - 298 [26b]
2021 Rh/OPNC 433.0 - 2.0-3.0 - 298 [229]
2021 Pd; @Co; s @P25/rGO 127.6 39.1 - 63.6%/5 298 [230]
2021 PtNiO,TVO 618.0 52.5 - - 298 [237]
2021 1.5-PdTVO 240.0 34.6 - - 298 [232]
2021 Rh/Ni@CN 351.0 33.5 - 50%/5 298 [233]
2021 Rh/SP-S-1 430.0 - - - 298 [234]
2021 RuqNi; s /g-CsN, 901.0 28.5 3.7 46%/5 298 [235]
2021 RP/CN 134.0 67.7 - - 298 [236]
2021 RUP@NHMCs 1774.0 36.3 - - 298 [47]
2021 RhNi@NHMCs 1294.0 18.6 - - [237]
(Continued)
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Years Catalyst TOF [min™] E, [K) mol] Size [nm] Durability TIK] Refs.
2021 Rh@TiO, 334.1 - 3.0-5.0 - 298 (238
2021 Cu,Co;_,Pt,0/RGO 854.0 - 2.0-4.0 80%/5 298 [239]
2021 Ru@f-CNTs 764.0 36.7 1.5-3.0 - 298 [240]
2022 Ru@POF-NC600 727.0 39.4 3.2 - [247]
2022 1.5-RTVO-4 1370.0 37.0 1.0-2.0 - 298 139]
2022 PINi@TiO, 1055.0 47.2 1.7-2.1 - 298 [242]
2023 PdCo0,P25 210.0 54.4 2.0 - 298 [243]
2023 Pt 19 Co395 THO, 2250.0 63.8 13 - 298 [23]
2023 Ru/Ti3C,_,N, 1334.0 26.0 1.6 - 298 [244]

Metal oxide

Zeolites

Figure 4. Schematic diagram of various supported catalysts.

multi-metal-based MOF materials and analyze the structure-
activity relationship between the multi-metal and MOF site.

The earliest MOF used for hydrogen production from AB was
MIL-101 in the research work of Xu et al. in 2012 (Figure 7a,b).
Ultrafine Pt NPs anchored on MIL-101 dehydrogenated AB in
3 min.["%] The following year, Xu et al. reported the first AuNi
alloy anchored in MIL-101 using the dual-solvent method. AuNi
NPs have a size of 2.0-5.0 nm and catalyze the complete dehy-
drogenation of AB within 5 min.['%?] Didier et al. used ZIF-8 as a
support to study the optimal combination of Ptand Ni (Figure 7c).
When the Ni:Pt ratio is 2:1, Ni,Pt@ZIF-8 has the optimal syner-
gistic effect and promotes the oxidation of the addition of O-H
bond. The hydrogen produced from AB using Ni, Pt@ZIF-8 fol-
low the tandem reaction for hydrogenation.!8]

Li et al. reported an interfacial ensemble of Cu NPs and Co-
MOFs, with Cu NPs and Co?* in the MOF as the catalytically ac-
tive sites at the interface (Figure 8a). A synchronous activation
model for metal particles/MOFs is proposed, which differs from
the previous tandem activation.’!! ZIF-67 is most commonly

Adv. Sci. 2023, 10, 2300726

used as a precursor for synthesizing of AB hydrolysis catalysts
owing to its simple of synthesis and confinement to metal ions.
The birdcage-type catalyst designed based on ZIF-67 can effec-
tively prevent the active component from leaching leached out of
the solution, thus ensuring a high activity of 5562 mL min~! g,
and durability at 298 K (Figure 8b).1?°l Zhang et al. formed a NiCo
alloy with a uniform particle size by ultrahigh temperature (1000)
pyrolysis. Owing to the abundance of nitrogen atoms and the pos-
itive synergy between Co and Ni, NiCo-NC showed higher activity
(35.2 min') than Co-NC (Figure 8c).'"*! Peng et al. introduced P
to form metal phosphates in NiCo alloys in a similar way to fur-
ther improve the AB water-interpreted hydrogen activity, with a
TOF up to 125.2 min~! (Figure 8d).'*"! Yang et al. used Co/Zn-
MOF as a precursor to form highly dispersed Co NPs on the HPC
surface. Zn is a sacrificial agent that limits the agglomeration of
NPs during pyrolysis. The 30% Co/HPC-900 catalyst showed in-
tentional durability in AB hydrolysis, with at least 12 repetitions
(Figure 8e).[1”] Chen used a MOF-driven method to construct
Co-based nanoscale particles and nitrogen-doped support struc-
tures. The synergistic effect between structure and morphology
resulted in improved durability, and the catalytic activity of the
catalyst remained at 94.6% after ten uses (Figure 8f).[81]

Using Ni-MOF as a precursor, Wang designed and synthesized
a yolk—shell NiO microstructure catalyst by exploiting the tem-
perature difference during the calcination process (Figure 9a). In
the process of heat treatment at 500 °C, the external forces be-
tween the NiO shell and Ni-MOF and the internal forces caused
by Ni-MOF shrinkage are key factors for the formation of the
micro-nano structure of the yolk—shell NiO microstructure.[?*
Jiang prepared a CuPd@ZIF-8 catalyst via the synergistic action
of CuMOF and ZIF-8, and the catalyst had a large specific sur-
face area (1077 m? g') conducive to the hydrolysis of AB (Fig-
ure 9b).[2533 Astruc and his group synthesized Fe, Co, Ni, and
Cu NPs on a ZIF-8 surface using the sodium borohydride reduc-
tion method in situ (Figure 9¢).””) The corresponding TOF values
of FeNPs/ZIF-8, CuNPs/ZIF-8, CONPs/ZIF-8 and NiNPs/ZIF-8
were 2.5, 5.6, 19.4, and 85. 7min~!, respectively. Stylianou et al.
designed the effect of a halogen atom (Cl, Br, and I) doped Cu-bpy
catalyst on the hydrolysis activity of AB (Figure 9c). The decrease
electronegativity from Cl~ to I~ leads to a decrease in the pos-
itive charge density of Cu* and an increase in catalytic activity
(Figure 9d).*] Yamashita et al. studied the catalytic activity of a
non-noble metal supported on a Chromium-based MOF for AB

2300726 (11 0f49) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. The GO as noble metal catalyst substrates for AB hydrolysis. a) Ru and Ni were reduced to graphene by NaBH, to form RuNi-rGO cat-
alyst. Reproduced with permission.[?23] Copyright 2021, Elsevier. b) Illustration for structure evolution of RUNiI@NHMC catalyst. Reproduced with
permission.!23%] Copyright 2021, American Chemical Society. c) Single-atom Pt and Pt dimers were synthesized on graphene by ALD. Reproduced with

permission.[38] Copyright 2017, Springer Nature.

hydrolysis under light conditions. Hydroxyl radicals, superoxide
anions, and electron-rich non-noble metals formed under light
are responsible for this increased activity (Figure 9¢).”% Su et al.
studied the relationship between the crystallinity, particle size of
metal NPs, and AB hydrolysis activity. Four Co-based NPs with
different particle sizes were successfully constructed on MIL-101.
The experimental results confirmed that amorphous Co showed
higher catalytic activity than crystalline NPs, with a TOF of up to
51.4 min~' (Figure 9f).”*] Chen et al. obtained amorphous Ni/C
composite materials by in-situ reduction of potassium borohy-
dride and calcination of Ni-MOF at high temperature, and the
size of Ni NPs was about 10 nm. The hydrogen release rate at
room temperature was 834 mL min~! g1.5’] Zhou et al. dis-
cussed in detail the structure, morphology, size, composition and
specific area of the catalysts loaded with different CuNi NPs, and
examined the activity, influencing factors and stability of the cata-
lysts by comparing them with AB hydrolysis catalysts (Figure 9g).
The catalytic activity of CuNi bimetallic catalyst Cu,Ni; @MIL-

Adv. Sci. 2023, 10, 2300726

101 for AB hydrolysis was 20.9 min~!, and the E, was 32.2 K]
mol~1.182]

2.3. M-O Stabilized Interaction of Metal Oxide

Metal oxides such as TiO,,2%>] Ce0,,®! Al,0,,12°] etc. are used
as chemical promoters or supports to catalyze the efficient hy-
drogen release of AB. Metal oxides have the advantages of an
adjustable metal valence state, controllable surface oxygen con-
centration and low price.[3*257] TiO, has nontoxic properties, low
cost, strong oxidation capacity, high corrosion resistance, and
a variety of isomers, and it is the most commonly used cata-
lyst support for AB.[2*!] Oxygen vacancies (V) reshape the ac-
tive site configuration of catalysts by changing the local charge
distribution and electron energy of metal oxides.[3*?%8] Metal-
support interactions(?1?>° and hydrogen spillover effects!?**! also
controllable means to regulate the catalyst structure and promote

2300726 (12 of 49) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 6. The GO as non-noble metal catalyst substrates for AB hydrolysis. a) The schematic diagram of the formation of catalysts Co@CoO,@CG
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Figure 7. The MOF as noble metal catalyst substrates for AB hydrolysis. a) Pd NPs were immobilized in MIL-101 synthesis strategy by a reduction
strategy using DSM method. Reproduced with permission.!'>®] Copyright 2012, American Chemical Society. b) Au-Ni alloy NPs were immobilized in
MIL-101 synthesis strategy by a reduction strategy using the double solvents method (DSM). Reproduced with permission.[1%2] Copyright 2013, American
Chemical Society. c) Synthesis of the NiPt@ZIF-8 NPs, and d,e) corresponding morphology characterization. Reproduced with permission.['®] Copyright

2018, American Chemical Society.

hydrolysis. Among the various supported catalysts, metal oxides
are the most widely studied catalysts for AB hydrolysis. The role
of metal oxides in catalytic hydrolysis is most fully analyzed, es-
pecially the exact effect of oxygen in the support on the metal.
An Rh/meso-Al, O, catalyst with a mesoporous structure and
high specific surface area prepared by the mechanical method
was used for hydrogen production from AB hydrolysis (Fig-
ure 102).21°) Zhang et al. designed nanoflowers, nanosatellites
and nano-necklaces according to different exposed active surface
areas. The nano-necklaces showed higher catalytic activity for AB
hydrolysis (Figure 10b).[2%] Saim Ozkar explored the effects of
different supports (CeO,, Al,O,, SiO,, TiO,, ZrO,, and HfO,) on
AB hydrolysis (Figure 10c). The valence state of cerium in the
supports CeO, changes from +5 to +3. The negative charge gen-
erated on the surface is favorable for Rh binding and improves
the catalytic activity. At the same time, loading also affected the
catalytic activity. When the loading decreased from 4.0 to 0.1% wt,
the catalytic activity increased from 160 to 2010 min~'.*’] Ya-
mashita et al. systematically studied the relationship between par-
ticle size, specific surface area, and TOF with different supports
(P25, rutile, anatase, SiO,, Al, 05, ZrO,, and MgO,). Catalysts us-
ing supported TiO, generally have higher catalytic activity, with
TOFs of Ru/TiO, P25, Ru/TiO, (rutile), and Ru/TiO, (anatase)
were 604, 620, and 610 min~!, respectively (Figure 10d). RuNi
NPs were highly dispersed on TiO, with a particle size of 2.3 nm,
and the particle size of the catalyst was positively correlated with
its catalytic activity. (Figure 10e). Simultaneously, the introduc-
tion of the second metal Ni further improved the catalytic activity
to 914 min~'. The Pt,/Co;0, catalyst designed by Ozkar has ex-
cellent durability, with no significant decline after repeated use
for ten times. Li et al. formed a RuCu alloy catalyst by replacing
part of the precious metal Ru with Cu and systematically stud-

Adv. Sci. 2023, 10, 2300726

ied the influence of Cu doping amount from 10 to -100% on the
catalytic activity. The r, values of different RuCu ratios show a
volcanic structure, and the best r,, value of 1.1 X 10° mL min~!
gru Was found when the Cu content was 40% (Figure 10f). The
subsequent increase in the Cu content led to the covering of Ru
atoms and reduced the catalytic activity.[!]

Sun et al. developed a stepwise reduction strategy to synthe-
size a range of small and highly dispersed bimetallic species
on various metal oxide carriers (Figure 11a). The introduction
of Co species can significantly improve the catalytic activity of
various noble metals (e.g., Pt, Rh, Ru, and Pd) in AB hydroly-
sis reactions compared to other non-precious metals. The parti-
cle size of Pt; ,50,—TiO, was 1.8 nm and that of Pt ,50,C050, /TiO,
was 1.3 nm (Figure 11b). The optimized Pt 50, Cos,, /TiO, cat-
alyst exhibited ultrahigh hydrogen production rates in AB hy-
drolysis, showing TOF of 2250 mol H, mol,, ™! min~! at 298
K.l Peng et al. reported a Ru-Co alloy (Ru, 1.8 wt%) loaded
with hollow carbon ball supports prepared by vacuum impreg-
nation and pyrolysis (Figure 11c). The Ru/Co ratio can be pre-
cisely controlled by direct reduction of ruthenium and alloy. The
RuCo alloy provides a high TOF of 784 molH, min~! for the
hydrolysis of AB at ambient temperature conditions. The excel-
lent catalytic performance of RuCo@HCSs is attributed to its
special hollow-embedded structure and the synergy between the
carbon shell and RuCo alloy.[”’" Li et al. reported on NiRu al-
loys anchored to the surface of nitrogen-doped carbon-coated
titanium dioxide (Figure 11d). The surface charge is regulated
by the alloying effect of NiRu and the metal-support interac-
tion between the alloy and the composite supports. The opti-
mized surface charge corresponds to a low E, of H,O and AB
molecules. NiRu/TCN showed the highest catalytic activity (2.51
x 10° mL min~! g, ') for the hydrolysis of NH; BH, at 298 K.[21¢]

2300726 (14 of 49) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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to Co-CoO,@NCS-n catalyst and corresponding morphology characterization. Reproduced with permission.[2°] Copyright 2019, American Chemical
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Reproduced with permission.[1] Copyright 2017, Royal Society of Chemistry.

At the same time, Li also constructed Pd NPs in TiO, rich in oxy-
gen vacancies to form engineering vacancy-atom ensembles (Fig-
ure 11e). The H,O molecules tended to dissociate at the V site,
and AB molecules tended to dissociate at the Pd atom. On V,
the H atom from water combines with the H atom from AB on
Pd atom to form H,.[2*?] Yang synthesized a PtNi alloy catalyst
on Al,O,. In AB hydrolysis, electrons are transferred from the
less electronegative Ni atom to the more electronegative Pt atom,
forming an electric dipole between the adjacent Pt-Ni pairs. The
new local electric field generated by the Pt-Ni dipoles affects the
electron distribution in the AB molecules, and the electron redis-
tribution of the AB molecules is more likely to interact with the
PtNi catalysts to form activated complexes. Therefore, the dehy-
drogenation of Al,O;—PtNi to AB shows higher catalytic activity
than Al,O,-Pt and Al,O;-Ni.[2!1]

The synthesis of a material consisting of Pt NPs and NiO,,
nanoclusters supported by single-sided TiO, is depicted in Fig-
ure 12a. Dual-mode oxygen vacancies significantly promoted
H, 0O dissociation in two ways. First, the ensemble-inducing ef-

Adv. Sci. 2023, 10, 2300726

fects of Pt and V, in titanium dioxide drive the activation of H,O
molecules. Second, the electron promotion effect caused by elec-
tron transfer from V, to Pt in NiO, further enhances the ability
of Pt to dissociate H,O and AB.[3!] 1i et al. further studied and
established the V,-Ti ensemble project on a Ru catalyst to im-
prove the hydrolysis activity of AB. V, in the V,-Ti ensemble
acts as an electron accelerator to transfer electrons to Ru atoms
on the surface, and electron-rich Ru enhances water separation
activity. The TOF of 1.5-RTV,-4 for AB hydrolysis was as high
as 1370 min~!, exceeding the reference value set by previous Ru
catalysts.[*”) Chen proposed a method for continuously synthe-
sizing TiO,-supported noble metal NPs (M/TiO,-Mr, M = Pd,
Pt, or Au) in a staged flow without a stabilizer (Figure 12b). Ow-
ing to the enhanced mixing performance of the micromixer, the
size of the noble metal NPs can be controlled by simply reducing
the metal precursor with NaBH, in the presence of TiO, with-
out using stabilizer. Compared with the batch method, the pre-
pared M/TiO,-MR had a smaller noble metal particle size and
better dispersion, exposing more active sites.[?!] Qin reported

2300726 (15 of 49) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 9. The MOF as non-noble metal catalyst substrates for AB hydrolysis 2. a) Formation process from Ni MOF to yolk-shell NiO microspheres.
Reproduced with permission.[2>4] Copyright 2015, American Chemical Society. b) MOF-derived CuPd@ZIF-8 catalyst form schematic illustrations. Repro-
duced with permission.[2332l Copyright 2020, American Chemical Society. c) Preparations of the nanocatalysts M/ZIF-8, M = (Fe, Co, Ni, Cu). Reproduced
with permission.”’] Copyright 2017, American Chemical Society. d) Cu-bpy-Y (Y = Cl, Br and I) MOFs: the relationship between morphology and catalytic
activity toward AB hydrolysis. Reproduced with permission.[?53] Copyright 2019, Royal Society of Chemistry. €) Possible AB hydrolysis mechanisms under
light with Cu/MIL-101 catalysts. Reproduced with permission.l’%l Copyright 2016, American Chemical Society. f) Schematic illustration for synthesis of
MIL-101 supported Co NPs and hydrogen generation from AB. Reproduced with permission.[74] Copyright 2017, American Chemical Society. g) Synthesis
of MIL-101 loaded CuNi NPs by sodium borohydride reduction method. Reproduced with permission.[82] Copyright 2017, Elsevier.

the synthesis of a porous TiO, nanotube-constrained Pt catalyst
by template-assisted atomic layer deposition (ALD) for hydrolytic
dehydrogenation of NH;BH; (Figure 12c). Compared with sup-
ported Pt/TiO,, ultrafine Pt NPs were modified on the surface of
nanotube, and the Pt-TiO, interface position increased. These
factors contribute to the excellent catalytic performance of the
confined Pt@TiO, catalyst.[>*?]

Xu et al. proposed a new solar-powered low-temperature hy-
drogen production strategy for AB. Ti,O; was used as a pho-
tothermal catalyst to activate AB reactants to produce hydrogen

Adv. Sci. 2023, 10, 2300726

(Figure 13a). Ti, O, NPs with high chemical stability and a nar-
row band gap were prepared by the reduction conversion method
to generate of 2.0 equivalent hydrogen from AB at room tem-
perature. The photothermal activation efficiency of the nano-
sized Ti, O, particles reached 35%. Assisted by the CuCl, pro-
moter, the equivalent of 2.0 hydrogen was successfully released
under 1.0 solar irradiation at 70 °C, revealing its potential ap-
plication in practical vehicles based on proton-exchange mem-
brane fuel cells.[22) Co-CoO, /TiO, @N-C (COTC) catalysts an-
chored in TiO, were prepared using the sol-gel method and

2300726 (16 of 49) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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high-temperature carbonization methods. The catalyst effectively
promoted the release of hydrogen during the hydrolytic dehydro-
genation of AB, and a high hydrogen yield of 5905 mL min™
gc,”! was obtained at room temperature. When the catalyst was
applied to AB hydrolysis for the fifth time, the initial catalytic ac-
tivity remained at 85%. The synergistic action of Co, Co,0,, and
TiO, promoted the rate-limiting step of H,O dissociation and ac-
tivation by reducing the E, of the H,0 molecules.[''!] Wang et al.
consider that the morphology of the catalyst was the key factor
affecting its photocatalytic performance. W,;0,, photocatalysts
with different morphologies of sea urchin (W,30,,SU), nanorods
(W,30,,NR) and hollow spheres (W;,0,,HS) were prepared. In
the process of AB photocatalytic hydrolysis, W;40,,SU showed a
TOF value of 53.1 min~!, and the TOF of W,30,,HS was 10.4 and
7.5 times that of W,30,,NR and hollow spheres W,,0,,HS, re-
spectively (Figure 13b).[132] The excellent photocatalytic H, evolu-
tion activity of AB hydrolysis is due to the synergistic effect of en-

Adv. Sci. 2023, 10, 2300726

hanced light harvesting, charge separation and electron enrich-
ment at the tips of rod. (Figure 13c).

Wang et al. designed a series of ultrafine CoNi alloy NPs em-
bedded in alumina nanosheet (Co,Ni, /Al,O,, where X repre-
sents the Co content) catalysts. By changing the content of Ni
in CoNiAl-layered double hydroxide (LDH) precursor, the com-
position, size, morphology, and catalytic performance of the cat-
alyst can be easily controlled. Cu bimetallic NPs with different
Ni/Cu compositions were synthesized by adjusting the ratio of
nickel to copper acetyl pyruvate (Figure 14a).®! Liu et al. reported
the synthesis of a Co@N-doped porous carbon catalyst contain-
ing SiO, by calcination of the zeolite imidazole framework ZIF-
67 at high temperatures in an N, atmosphere (Figure 14c). The
SiO, surface layer in the precursor provides an additional sur-
face for the dispersion of CoNPs to reduce their size. In addition,
the SiO, layer makes the Co@N-doped porous carbon highly or-
dered in the catalyst, which may facilitate the mass transfer in the

2300726 (17 of 49) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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catalyst.[®*) When bimetallic and mono-metallic NPs were used
as catalysts for the hydrolysis of AB, their catalytic activity was re-
lated to their composition. The activity of the NiCu/SiO, catalyst
increased with a decrease in the SiO, particle size (Figure 14c).
SiO, spheres with higher curvature and longer distances between
particles reduce the agglomeration of NiCu NPs and have bet-
ter stability. NiCu NPs supported on the smallest SiO, showed
a higher TOF of 1516 moly, mol,..,;~' h™' and good reusability
in continuous AB hydrolysis compared with unsupported NPs,
indicating strong metal-supported interactions.’! Li prepared a
series of Co,Cu,_,MoO, microspheres composed of nanosheets
using a green method that did not contain surfactants, com-
plexing agents, or organic solvents. The catalytic activity of
Co,Cu,_,MoO, for in hydrolytic dehydrogenation of AB was
studied for the first time. Co, 3Cu,,M0O, had a synergistic effect
on AB hydrolytic dehydrogenation. The active substance in AB
hydrolysis was the CoCu alloy NPs supported by Co, ;Cu,,MoO,
microspheres (Figure 14d).®%] Xiao synthesized highly loaded
heterogeneous Ni/NiO NPs (Ni/NiO@MoO,) with different
Ni/NiO weight ratios fixed on 1D porous MoO, nanorods (Fig-
ure 14e,f). The Ni/NiO@MoO,-50H catalyst (synthesized in a
50% H,/50% Ar reduction atmosphere) had the best Ni/NiO
mass ratio (73.96/26.04). NiO bridging stably connects the Niand
MoO, supports, giving Ni/NiO@MoO,-50 great durability.!*3!]
Lu et al. synthesized Ni nanocatalysts (Ni-CeO, /graphene) doped
with CeO,, and supported on graphene through a simple chem-
ical reduction approach. The activity of the synthesized Ni-
CeO, /graphene nanocomposites is 49 times higher than that of

Adv. Sci. 2023, 10, 2300726
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NiNPs, showing excellent catalytic activity, and the TOF is up to
68.2min"'. CeO, plays a key role in the high activity of graphene-
based multicomponent composite catalysts.[®*! Yao et al. prepared
a titanium-supported NiCo,O, nanofilm array (NiCo,O,/Ti) us-
ing a simple method and studied its catalytic performance in AB
hydrolysis to produce hydrogen. The apparent E, of AB hydroly-
sis over the NiCo, O, /Ti catalyst was 17.5 k] mol~!. More impor-
tantly, the NiCo,O,/Ti catalyst retained about 90% of its original
catalytic activity after ten cycles.!%]

2.4. Graphite Carbon Nitride (g-C;N,)

Graphite carbon nitride (g-C;N,), prepared by thermal polymer-
ization of melamine, urea, thiourea, and dicyandiamide, has a
layered structure similar to graphene, with weak van der Waals
forces between layers.[2] g-C,N, has the advantages of sim-
ple preparation, good thermal and chemical stability, non-toxic,
low cost, and broad application prospect in the field of cat-
alytic hydrogen generation from AB.?*] The modified porous
g-C;N, has a different energy band structure, photolumines-
cence lifetime, and photocurrent density under visible light ir-
radiation, resulting in different separation efficiency of photo-
generated supports. These features can enhance visible-light-
driven hydrogen production activity.®] The semiconducting na-
ture of g-C;N, makes it possible for the supported catalyst to im-
prove its performance rapidly. In the next step, efficient catalysts
must be designed based on light exposure, and the mechanism
of action of light conditions on catalytic performance must be
analyzed.

Zheng et al. stabilized ultrafine bimetallic RuPd NPs on ultra-
thin porous graphite carbonitride using simple adsorption in
situ reduction method (Figure 15a). The catalytic activity of the
Ru, ¢ Pd, ;5 /g-C;N, bimetal catalyst was higher than that of Ru/g-
C;N, and Pd/g-C;N, single metal catalysts in AB hydrolytic de-
hydrogenation because of the co-alloying effect. Ru,¢Pd, ;5/g-
C;N, has good catalytic activity and durability, and has good po-
tential for hydrolyzing hydrogen production from chemical stor-
age materials.?%°] Metin et al. prepared mesoporous graphite car-
bon nitride (MPG-CN/Pt) composites by in situ reduction (Fig-
ure 15b). The in situ synthesis method is advantageous for syn-
thesizing of MPG-CN/Pt catalyst. Under white light irradiation,
the photocatalytic activity for AB hydrolysis increased by 2.25
times when the Pt loading was 5.94 wt%. This is the demon-
stration of the catalytic activity of in situ synthesized mpG-CN
as a suitable support for stabilizing PtNPs for photocatalytic hy-
drogen precipitation by AB hydrolysis.[??*] Fan et al. synthesized
an ultrafine RuCo alloy with g-C;N, as a support material us-
ing a one-step in-situ method, with a particle size 1.56 nm (Fig-
ure 15¢,d). The optimal Ru,,Co,,/g-C;N, catalyst can achieve
complete conversion of AB to hydrogen with a TOF of up to
1260 mol H, min~!. Kinetics studies showed that AB hydrolysis is
a zero-order reaction with an apparent E, as low as 22.5 k] mol ™.
The excellent catalytic activity is due to the small size of the RuCo
alloy, rich surface-active sites, a synergistic effect between matrix
and bimetallic alloy NPs, and rich N functional groups in g-C;N,.
However, the durability needs further improvement.??*! In addi-
tion, Fan et al. successfully loaded RuNi alloy onto g-C;N, using
an in situ reduction method. The activity of the RuNi alloy on

2300726 (19 0f49) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 14. The metal oxide as non-noble metal catalyst substrates for AB hydrolysis. 02. a) Illustration of preparation of Co,Niy_,/Al,0; nanosheets.
Reproduced with permission.[*] Copyright 2019, Royal Society of Chemistry. b) Schematic diagram of Co@N-doped carbon porous nanocages anchored
at silica. Reproduced with permission.[>3] Copyright 2019, American Chemical Society. c) Relationship between NiCu/SiO, particle size and TOF. Re-
produced with permission.[”] Copyright 2019, American Chemical Society. d) Hydrogen production curve of Co,Cu,MoO, catalysts. Reproduced with
permission.[33] Copyright 2018, American Chemical Society. e,f) morphology analysis of Ni/NiO@MoO, catalyst. Reproduced with permission.!'31]

Copyright 2021, American Chemical Society.

the Ru, Ni, s /g-C;N, catalyst was 901 min~'. Ru;Ni, ;/g-C;N, has
good recyclability and can maintain 46% of its initial catalytic ac-
tivity after running 5 times. The high performance of Ru,; Ni, s /g-
C;N, was attributed to the synergy between the small alloy NPs
with abundant active sites and the composition-regulated RuNi
bimetal (Figure 15€).235] Chen designed magnetically recyclable
carbon nitride-supported Au-Co NPs (Au-Co@CN) (Figure 15f).
The synergistic effect between the non-noble metal Co and Au
NPs and the Motty—Schottky effect at the metal-semiconductor
interface significantly promoted the catalytic performance of the
Au-Co@CN catalyst for the hydrolysis of AB. The TOF value
of Au-Co@CN catalyst was three times higher than that of the
Au@ Co nanoparticle catalyst (Figure 15f).[173]

Adv. Sci. 2023, 10, 2300726

Li et al. prepared Co-CN-O-100 nanocomposites using the de-
position precipitation method and high-temperature calcination
methods (Figure 16a). The catalytic performance of Co-CN-O-
100 catalysts for the hydrogen production of NH,;BH, was tested
in an intermittent reactor. After oxidation treatment, the dehy-
drogenation capacity of the catalyst was significantly enhanced.
The generation time of H, is only 3.5 min, and the hydrogen
production rate reached 5540 mL min~' g.,~' at 25 °C. Under
NaOH free and mol L' NaOH conditions, the H, generation
times were 17 min and 3.5 min, respectively.'%] In addition, Li
et al. designed a Co,N-Co;0, interfacial structure by controlled
nitridation and oxidation control and determined the effect of
the interfacial active center consisting of Co,N and Co;0, on AB

2300726 (20 0‘F49) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 15. The g-C3N, as noble metal catalyst substrates for AB hydrolysis. a) Illustration of the synthesis process of Ruy,Pd,/g-C;N, catalyst. Re-
produced with permission.[2%8] Copyright 2020, Elsevier. b) Schematic diagram of synthesis of MPG-CN/Pt catalyst. Reproduced with permission.[2><]
Copyright 2020, American Chemical Society. c) Morphology, d) particle size of Rug ;Cog ¢/G-C3N, catalysts. Reproduced with permission.[224l Copyright
2021, Royal Society of Chemistry. e) Analysis of catalytic AB hydrogen production by used RuNi/g-C5 N, catalyst. Reproduced with permission.[233] Copy-
right 2021, Elsevier. f) Magnetic separation photographs and g) hydrogen production activity and stability of Au-Co@CN catalysts. Reproduced with

permission.['73] Copyright 2015, American Chemical Society.

hydrogen production. The Co,N-Co;0,@C catalyst has high cat-
alytic activity, and the TOF of hydrogen generation is up to 79
min~!. XPS and X-ray absorption near-edge analysis confirm the
existence of Co-N and Co-O bonds (Figure 16b,c). The catalytic
kinetics study confirmed that the hydrolysis of AB is a zero-order
reaction and is not limited by the diffusion of reactants. The reac-
tion rate depends only on the structure of the catalyst. The stabil-

Adv. Sci. 2023, 10, 2300726

ity of the Co,N—Co, O, interface structure was verified by theoreti-
cal simulation, and the atomic interface-exciting effect (AieE) was
the main reason for its high catalytic activity.!*! Li et al. prepared
monodisperse Ni NPs with controllable sizes using a simple
method and fixed them on graphitized carbon nitride (g-C;N,)
nanosheets by self-assembly (Figure 16d,e). The Ni/g-C;N, com-
posite catalyst showed good photocatalytic activity for hydrolytic
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Figure 16. The g-C;N, as non-noble metal catalyst substrates for AB hydrolysis. a) Schematic diagram of synthesis of Co-CN-O-100 catalyst. Repro-
duced with permission.l'®! Copyright 2020, Elsevier. b,c) X-ray absorption near-edge characterization of Co,N-Co;0,@C catalysts. Reproduced with
permission.l] Copyright 2022, Wiley-VCH. d,e) Comprehensive morphology characterization of g-C;N,. Reproduced with permission.[°®! Copyright
2019, Royal Society of Chemistry. f,g) FT-IR spectra and in situ mass spectrometry analysis of NiCu/CNS catalysts. Reproduced with permission.[12°]
Copyright 2020, American Chemical Society. h) Time hydrogen production diagrams and i) corresponding TOF values for different catalysts under two
different conditions. Reproduced with permission.[”°l Copyright 2017, Royal Society of Chemistry.

dehydrogenation of AB under visible light. When the size of the
NiNPs was 3.2 nm, the optimal AB hydrolysis rate was 18.7 moly,,
mol,,,~! min~!, and the apparent E, is 36 k] mol~1.°®) When
g-C;N, is irradiated with visible light, the electron-hole pair is
photoexcited in both the conduction and valence bands. Elec-
trons flowed through g-C;N, before recombination with holes.
After the NiNPs are anchored on the surface of g-C;N,, electrons

Adv. Sci. 2023, 10, 2300726

can be rapidly transferred to NiNPs through the interface be-
tween g-C;N, and the NiNPs. Therefore, the surface-active sites
of the NiNPs are electron-rich, facilitating the hydrolysis of AB.
Wang et al. systematically studied the hydrolysis of AB on NiCu
alloy supported carbon nitride nanosheets (Ni,Cu,/CNS). The
TOF of AB hydrolyzed by the NiCu/CNS catalyst under visible
light irradiation was nearly 3.5 times higher than that under dark
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Figure 17. The MoC as metal catalyst substrates for AB hydrolysis. a,b) XANES profiles of Co K edge and WT analysis of CoNi/a-MoC catalyst. c) HAADF-
STEM image and EELS spectra of 1.5Co1.5Ni/a-MoC. d—f) Activity and stability of CoNi/a-MoC catalysts. Reproduced with permission.[33] Copyright
2021, American Chemical Society. g,h) Activity of 10Ni;OMo,C with other different mixed supports. Reproduced with permission.l'3”] Copyright 2021,

American Chemical Society.

irradiation. Fourier-transform infrared spectroscopy (FT-IR) was
used to trace the hydrolysis process of the NiCu/CNS catalyst
and the source of hydrogen. The peaks of the B-H bond at 1080,
1177, and 2347 cm™! rapidly disappeared rapidly as the reaction
time increased from 0 to 16 min. Meanwhile, the peaks of the
B-OH and B-O bonds at 1270 and 1324 cm™' can be observed
as the reaction proceeds. The results of the infrared characteri-
zation proved that the B-H bond is broken and the B-O bond is
formed during the reaction (Figure 16f,g).['?%] Su et al. prepared
g-C;N, with different microstructures by thermal modification,
and then Co and NiNPs were loaded on g-C;N, for the catalytic
hydrogen precipitation of AB at room temperature. The modi-
fied porous g-C;N, has a different band structure, photolumi-
nescence lifetime, and photocurrent density under visible-light
irradiation, leading to different separation efficiencies of the pho-
togenerated supports. These characteristics help to regulate the
electronic characteristics of Co and NiNPs in supported catalysts,
resulting in significantly different and enhanced hydrogen evolu-
tion activity under visible light.®%] Zhong et al. prepared a hybrid
material of Ni, ;Co, ;O NPs on carbon nitride (NCN) treated with
nitric acid for the AB hydrolysis. The carbon nitride substrate has
two reaction centers, carbon as an electron acceptor and nitrogen
as an electron donor, forming stable interfacial interactions with
the NPs. Therefore, the NP-NCN system has a hybrid electronic
structure benefits to catalytic hydrogen production.['?) Su et al.
synthesized a series of non-noble metal mono-metal (Co, Fe, and
Ni) and bimetallic (FeCo, CuNi, CuCo, FeNi, and NiCo) NPs sup-
ported by semiconductor graphitized carbon nitride (g-C;N,) to
catalyze the hydrogen evolution of AB under visible light irradi-

Adv. Sci. 2023, 10, 2300726

ation at 298K. Compared to the activity of all the catalysts in a
dark environment, the activity of the catalysts increased signifi-
cantly under visible light irradiation. The TOF of the Co, CuCo,
and FeCo catalysts synthesized in situ were 55.6, 75.1, and 68.2
min~!, respectively (Figure 16h,i).”?! The enhanced activity can
be attributed to the enrichment of the electron density of the ac-
tive metal NPs under visible-light irradiation caused by the Mott-
Schottky effect at the g-C;N,—metal interface. Moreover, the cat-
alytic activity of the catalyst strongly depends on the wavelength
and intensity of the incident light, suggesting that visible-light
irradiation plays a key role in enhancing catalytic activity.

2.5. Synergistic Effect of MoC and Metal

MoC is often used as a support for catalysis and energy produc-
tion because of its high melting point and hardness, good ther-
mal and mechanical stability, and corrosion resistance.[?*] The
synergistic effect of MoC and metals can lead to a unique H,0
activation ability and high metal surface coverage.

Ma et al. successfully synthesized highly dispersed CoNi on
the surface of MoC using an impregnation method based on
strong metal-support interaction.’3] Extended X-ray absorption
fine structure profiles and wavelet transform show that Co and
Ni mainly bind to C atoms, not Mo atoms, on the a-MOC surface
(Figure 17a, b). At the same time, Co and Ni were highly dispersed
on the a-MoC surface, and no agglomeration of NPs. High-angle
annular dark-field scanning transmission electron microscopy
(HAADEF-STEM) and electron energy loss spectroscopy showed

2300726 (23 0f49) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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that most of the Co and Ni were highly dispersed on the a-MoC
surface, with only a few CoNi clusters. The short distance be-
tween the Co and Ni atoms is conducive to the synergistic interac-
tion with the reactants during AB hydrolysis (Figure 17c). The re-
sults of hydrogen production showed that the Co Ni ratio affected
the catalytic activity, and the best catalytic activity was achieved
when the ratio of Co Ni was 1:1. The TOF value of 321.1min""
of 1.5Co1.5Ni/a-MoC was the highest reported for nonprecious
metals (Figure 17d—f). Furthermore, Liu et al. studied the effect
of additional supports, such as SiO,, ZrO,, and Al,O, mixed with
MoC, on the hydrolytic activity of AB (Figure 17g,h).[3”] These re-
sults confirm a strong synergistic effect between Al,O, and MoC,
which further improves the dispersion and stability of Ni. MoC
provides new ideas for the designing and applying of catalysts
with highly dispersed multiphase active centers and synergistic
interactions for low-temperature hydrolysis and hydrogen pro-
duction reactions.

2.6. Promoting Effect of CNTs

CNTs are attractive catalyst supports because of their large spe-
cific surface area, high mechanical strength, hardness, thermal
stability, excellent adsorption properties, and unique electrical
properties.l1%:265] A variety of transition metal-CNTs catalysts
were prepared by impregnation reduction,'®®] replacement,*]
high-temperature carbonization[2! or ALD deposition!190242:267]
for hydrogen production from AB. The mechanism by which
CNTs promote hydrogen production has been studied systemat-
ically using a variety of characterization techniques.[2%¢!

The introduction of N, O, or surface defects on the surfaces of
CNTs promotes metal dispersion. Fan et al. constructed N and
O defects on the surfaces of CNTs via nitric acid oxidative ac-
tivation (Figure 18a). The Ru-based catalyst, Ru@f-CNTs, had a
uniform particle size of 1.71 nm. The catalytic activity and dura-
bility of the Ru@f-CNTs catalyst were higher than those of the
Ru@CNTs during AB hydrolysis.[**"] Chen et al. studied the re-
lationship between crystal planes and catalytic activity using a
Pt/CNTs catalyst. Kinetic tests and simulations revealed that the
Pt crystal plane (111) has the highest catalytic activity of the two
crystal planes (111) and (100) (Figure 18b,c). The catalytic activ-
ity of Pt has a volcanic relationship with the size of PtNPs, and
the activity was highest when the particle size was 1.8 nm.[1%]
Duan etal. studied three types of polyoxometalates: silicotungstic
acid (STA), phosphotungstic acid and molybdophosphoric acid.
STA had a positive effect on catalytic activity and durability. Com-
pared with the other two types of polyformaldehyde, STA can
improve the binding energy of Pt, thus promoting the reaction.
The addition of STA inhibited the aggregation of Pt NPs and re-
tained the active sites of Pt during the reaction process. At the
same time, Duan et al. pointed out that defect-rich CNTs formed
by acid oxidation at high temperatures in an inert atmosphere
are promising supports for inhibiting the agglomeration of Pt
particles in durability tests (Figure 18d,e).[2°*] Doping with non-
noble metals is also an effective strategy for improving activity.
Highly dispersed Pt-Co bimetallic NPs were prepared via ALD.
The particle size of the 20%CoO doped PtCo NPs was 2.4 nm,
and the TOF value reaches 675.1 min~' (Figure 18fg). In the
PtC020/CNTs samples, compared with Pt/CNTs, the radial dis-
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tribution of the extended X-ray Absorption Fine Structure spec-
tra in the R space was slightly offset, indicating the interaction
between Pt and Co. CoO deposited on or next to the Pt NPs
changes the electronic properties of Pt accordingly, construct-
ing a Pt-Co targeting interface (Figure 18h,i).'"”) In order to
understand the role of H,O molecules in AB hydrogen produc-
tion, Duan et al. conducted tests on different catalysts Pt/CNT,
Pt, s Ru, ,s/CNT, Pty sRu, s /CNT, Pt ,sRu s /CNT and Ru/CNT
in H,0 and D, O solutions (Figure 18;j,k).['78] PtRu/CNT bimetal-
lic catalysts have lower kinetic isotope effect (KIE) values than
single-metal Pt/CNT and Ru/CNT catalysts, confirming the in-
teraction between Pt and Ru.

The selective mixing of metal oxides and CNT is also a fea-
sible method for improving activity. Liu et al. synthesized the
NiO-CNT hybrid supports in a 300 °C Ar atmosphere, and then
deposited Pt NPs on NiO/Ni by the H, reduction method (Fig-
ure 19a). The catalytic activity (2665 min~') of Pt@NiO/Ni-CNT
is higher than those of Pt@Ni-CNT and Pt@NiO-CNT because
the composition and structural characteristics of NiO/Ni can syn-
ergistically accelerate the oxidative clearance of H-OH bonds in
H,O (rate-determining step).l2%] Li et al. further deposited Pt
atoms on the surface of Ni particles as a single-atom alloy cat-
alyst for hydrolytic dehydrogenation of AB. Minimal Pt supple-
mentation increased activity by approximately three times. The
Pt-Ni double-site catalyst showed the highest activity for CNT
and CTF supports (Figure 19b). The high activity is due to the
synergistic effect of Pt and NiNPs, where the negatively charged
Pt and positively charged Ni readily interact with H and OH in
water, reducing the E, of the reaction pathway.*}] Sun et al. stud-
ied interfacial catalysis between CNTs and loaded Ni NPs. The
C—O-Ni bond between NiNPs and thin CNTs is conducive to op-
timizing of the electronic structure of NiNPs and promoting the
catalytic process. The hydrolysis of AB confirmed that the hy-
brid product with interfacial interaction had better catalytic per-
formance (Figure 19¢).°!] The thickness of the CNTs was also
critical for NiNPs loading. Thick CNTs had NiNPs only at the
top, whereas thin CNTs had NiNPs loaded uniformly. Tsang et al.
directly carbonized a mixture of a cobalt-containing precursor,
melamine, and in situ, synthesized a carbon nanotube composite
composed of Co and CoN,.. Co NPs were successfully embedded
in the graphitic carbon layer by high-temperature carbonization,
preventing agglomeration of the NPs and the loss of catalytic ac-
tivity. When the ratio of Co to melamine was 1:1.33, the reaction
activity and stability of AB hydrolysis were optimal. The catalyst
had excellent durability, and no significant decay was observed
after 40 repeated cycles (Figure 19d).2°¢) At the same time, the
magnetism of Co itself is beneficial for the efficient recovery of
the catalyst (Figure 19e).

2.7. Strong Coupling Effect of h-BN

h-BN is composed of a 2D grid of alternating sp? bonds of nitro-
gen and boron atoms.[?®] The atomic surface of h-BN is smooth,
and h-BN exhibits thermal and chemical stability, acting as an an-
tioxidant layer even at 1100 °C. Monolayer h-BN films remained
stable in air at 800 °C. Most AB hydrolysis reactions use h-BN-
supported non-noble metal catalysts,[?’?! and there are few stud-
ies on h-BN loaded noble metals.[?””] Meanwhile, whether there

2300726 (24 O‘F49) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 18. The CNTs as noble metal catalyst substrates for AB hydrolysis. a) Synthesis diagram and morphology characterization of Ru@f-CNTs catalyst.
Reproduced with permission.[240] Copyright 2021, Elsevier. b,c) Morphology and crystal plane analysis of platinum supported on CNTs. Reproduced with
permission.[%6] Copyright 2014, American Chemical Society. d,e) Morphology and XPS spectra analysis of Pt/CNT, STA-Pt/CNT, PTA-Pt/CNT and PMA-
Pt/CNT catalysts. Reproduced with permission.?%4] Copyright 2020, Elsevier. f,g) Morphology analysis of PtCo20/CNTs catalyst. h,i) XANES and EXAFS
analysis of Pt foil, Pt/CNTs, PtCo20/CNTs and PtO, catalysts. Reproduced with permission.[%%l Copyright 2018, Elsevier. j) E, and k) kinetic isotope
effect values of Pt/CNT, PT, 75 Rug 25 /CNT, PTg sRug s /CNT, Pty ,5Rug 75/CNT, and Ru/CNT catalysts. Reproduced with permission.['73] Copyright 2017,

Elsevier.

is any interaction between B element in h-BN and B in AB also
needs to be elucidated.

Liu et al. designed an atomic bridge structure of B-Co-P double
active sites on h-BN nanosheets using the sodium borohydride
reduction method (Figure 20a). The local phosphorus induction
strategy (LPiS) is key to achieving high dynamic performance (the
TOF of 37 min~') and good stability. The formation of Co-B and
Co-P bonds detected in XAS reveals the successful construction
of B-Co-P atomic bridge structures under LPiS. The structure of
the B-Co-P interface atom bridge plays a vital role in regulating
the electron density of Co species and reducing the energy bar-
rier for the reaction of AB with H,O molecules.*¥] The use of
h-BN to construct a core—shell catalyst is also an effective strat-
egy to improve catalytic activity. Lu et al. obtained core—shell cat-
alyst CoNi@h-BN with CoNi alloy as the core and h-BN as the
shell by annealing bimetallic ammine boride complexes at 900
°C (Figure 20b).?7!] Changes in the chemical properties and elec-

Adv. Sci. 2023, 10, 2300726

tronic structure of the nucleated CoNiNPs led to improve in per-
formance. The strong coupling between h-BN and AB also accel-
erates the reaction. Porous h-BN nanowires have been also used
as ideal supports for metals. CoCu bimetallic NPs (particle size
7.2 nm) were successfully loaded onto multi-space boron nitride
nanowires (BNNFs). The high specific surface area of the BNNFs
makes CuCoNPs evenly dispersed and unsuitable for agglom-
eration. The strong interaction between the CuCo binary metal
and the h-BN supports and CuCo metal results in enhanced cat-
alytic activity.'%] Zheng et al. successfully loaded Ru NPs onto
h-BN using an in situ adsorption reduction method. Ru NPs are
the active species for the hydrolysis reaction (Figure 20c). The
reaction rate increased with increasing of Ru loading, reaching
a maximum at 2.0 wt%. After increasing the loading capacity,
the activity did not increase because of the increase in the par-
ticle size and the decrease in the number of active sites. There-
fore, 2.0 wt% Ru/h-BN is the most suitable load.l??”] Support

2300726 (25 of 49) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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modification targeting h-BN is also an effective means of improv-
ing the catalytic performance. Wang et al. successfully loaded
NiCoP onto an h-BN support using a hydrothermal phosphat-
ing strategy. The introduction of phosphorus further optimizes

Adv. Sci. 2023, 10, 2300726

the interaction between NiCo and h-BN, and the prepared
Ni, ¢Co, ,P@h-BN showed excellent catalytic performance for
the hydrogen production from boron ammonia (AB) with an ini-
tial turnover frequency of 86.5 mol~' at 298 K (Figure 20d,e).?7!
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2.8. Acid and Alkali Effect of Zeolites

Molecular sieves with regular nanopores are important multi-
phase catalytic materials, adsorption separation materials, and
support materials in the industry.?’3] Heterogeneous catalytic re-
actions are carried out on solid catalysts, and their catalytic activ-
ity is related to the pore size of the catalyst. When a zeolite molec-
ular sieve is used as a catalyst or catalyst support, the catalytic re-
action is controlled by the pore size of the zeolite molecular sieve.
In recent years, special molecular sieves have also been used as
support metals for hydrogen production via AB hydrolysis.>
The improvement in the catalytic performance of zeolite for AB
hydrolysis is significant, but the durability of zeolite catalysts is
the next factor that must be considered, as a major influence for
future practical applications.

Adv. Sci. 2023, 10, 2300726

Yu et al. loaded Ru nanoclusters onto silicoaluminophosphate
SAPO-34 and various aluminosilicate zeolites with tunable acidi-
ties, using a simple impregnation method. Ru clusters were uni-
formly dispersed in SAPO-34 and the other zeolite supports (Fig-
ure 21a). The results of the X-ray absorption near-side structure
analysis showed that the adsorption characteristics at 22.16 KeV
increased with an increase of acidity of Ru/SAPO-34. These
changes have been shown to be indicators of hydrogen adsorp-
tion on the Ru transition metal. The ultrasmall Ru clusters and
adjacent Brensted acid sites can act as bi-functional active sites
to activate NH;BH, and H,O molecules and promote H, forma-
tion on the surface of the zeolite. The acidity of zeolite is also
an important factor affecting its activity. The TOF of Ru/SAPO-
34 reached 490 min™' at 25 °C. Subsequently, Yu et al. syn-
thesized monatomic Rh anchored in MFI-type zeolites through
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hydrothermal and hydrogen reduction methods (Figure 21b).[1%!
Compared with Rh@S1-C synthesized by the impregnation
method, Rh@S-1-H synthesized by the in situ reduction method
did not destroy the topological structure of the zeolite molecular
sieve and ensured the atomic dispersion of Rh. The transmission
results clearly show the ten-membered ring structure of the ze-
olite and the dispersion of single-atom Rh. The highly dispersed
monatomic Rh has the highest AB hydrolysis activity among all
zeolites, with a TOF of up to 699 min~. Yu et al. also synthe-
sized Rh-based bimetallic cluster catalysts on MIF nanosheet us-
ing the impregnation reduction method (Figure 21c). Owing to
the highly dispersed effect caused by the large surface area of
MIF zeolites, the particle size of the RhRu bimetallic cluster was
only 0.78 nm. The formation of ultra-small metal clusters and
the interaction between metal clusters and oxygen atoms in the
molecular sieve framework led to the existence of Rh in the form
an oxidation state. The electron-rich (Ru) and electron-deficient
(Rh) sites of the bimetallic Rh—Ru clusters promote the rapid ac-
tivation of H,0 and efficient H, production.[?*¥]

2.9.CDs

CDs!?2%] have emerged as support materials in recent years, with
advantages of such as diversified structure, low price, good hy-
drophilicity, easy doping ability (by N, B, S, and P), and nontox-
icity. Their unique electronic structure and high specific surface
area provide many advantages for the design and preparation of
high-performance catalysts.[?”*] The carbon point also shows its
outstanding effect in the AB hydrolysis reaction, and the next step
is the appropriate development of CDs with a variety of structures
and properties for hydrolysis.

Liu et al. prepared RuP,/CDs catalysts by the physical mix-
ing and subsequent pyrolysis of CDs, phytic acid, and ruthe-
nium ions (Figure 22a). The XRD results show RuP, character-
istic peaks corresponding to the PDF card JCPDS 34-0333. The
Iy /I ratio of 1.01 confirms that the CDs are rich in defect sites.
The interlayer spacing of the (110) plane of RuP, was 0.39 nm.
The synergistic effect between the self-crosslinked CDs and RuP,
improves the catalytic performance for AB hydrolysis.[?’*] Subse-
quently, Lu et al. studied the catalytic behavior of Co-CDs cata-
lysts for the hydrolysis of AB (Figure 22b). CDs and metal ions
(Co?*) formed stable and uniform precursors using the ion ex-
change method. Then, high-temperature annealing promotes the
nucleation and CDs firing of metal particles into shells, as well
as oxidative activation in air to obtain catalysts. The presence of
Co, Co,;0,, and self-assembled CDs resulted in high catalyst ac-
tivity. Interfacial interactions regulate the electronic structure of
Co, Co;0,, and CDs to lower the activation energy barrier.'?]
The heterogeneous structures of Co, CoP, and nitrogen-doped
CDs exhibit strong interfacial synergistic catalytic effects on AB
hydrolysis, effectively reducing the energy barrier for AB disso-
ciation in H,O. Compared with Co/NCDs and Co-Co;0,/NCDs,
the CoP-CoO/NCDs prepared by nitrogen and phosphorus co-
doping had shorter hydrogen production times (1.5 min) and
higher TOF value (89.56 min~'). The CoP-CoO/NCDs-y (y = i-v)
series catalysts with similar two-phase interface structures were
obtained by controllable adjustment of phosphorus content, and
all showed good catalytic activity, confirming the potential ad-
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vantage of the CoP-CoO nanoheterostructure in the hydrolysis
of AB (Figure 22¢,d).'"¥] This heterogeneous interface design
technique provides a new strategy for the development of effi-
cient and inexpensive nonmetallic catalysts. Lu et al. prepared
a CoRu/CQDs catalyst by combining the lattice characteristics
of Ru and Co and studied the effect of lattice distortion on the
catalytic activity. Lattice distortion in the CoRu alloy can be con-
trolled by controlling the Ru content (1.0, 0.7, 0.5, 0.3, and 0.1
wt%). With the increase of Ru content, the diffraction peak of
Ru changes gradually from hexagonal close-packed Ru to hexago-
nal close-packed CoRu, and the lattice spacing also changes from
2.34 nm to 2.25 nm (Figure 23e—g). The effective electron cou-
pling of Co and Ru and the related strain effects led to faster
interfacial electron transfer kinetics, and improved the catalytic
performance (Figure 22h—j).122¢]

2.10. Surface Functional Group Strategy of 2D Metal Carbide and
Carbide (MXene)

MXene, a 2D transition metal carbide/nitride, has unique struc-
tural features, efficient charge transport properties, catalytically
active substrates with exposed metal sites, and tunable surface
terminations with hydrophilic properties.l?”! The uncertain ad-
sorption surface functional groups of -O, —OH and -F intro-
duced by fluorine-containing reagents during etching can also
further improve the surface characteristics of MXene. MXene
has been widely studied and applied in the field of energy
catalysis,[?7%] but there have been few studies on catalytic AB
hydrolysis.[*)] MXene has been shown to be effective in activat-
ing H,0. Moreover, MXene supports can effectively regulate the
size, structure and electronic structure of transition metals and
improve their ability to activate AB. In the future, MXene and
metal atom double-active centers can be constructed to improve
the dissociation energies of NH,;BH; and H,O molecules.

Hou and Wu et al. improved the catalytic activity by regulat-
ing the functional groups of metal NPs catalysts (Figure 23a). Ni
NPs were reduced in situ on the surface of Ti;C, T, (T, = F,-OH),
and the TOF of the optimized Ni/Ti;C,T,-4 was 161.0 min~'. The
NiNPs and Ti;C,T, formed a bimolecular activation channel, re-
sulting good catalytic activity. TEM images showed that the Ni
particles anchored on the surface of Ti,C,T, -4 were uniformly
dispersed without agglomeration, and the particle size was be-
tween 1.28-5.98 nm. The lattice spacing of the (111) plane of Ni
is 0.20 nm, and that of Ti,C, T, -4 is 0.26 nm.[?”>¥ Liu and Bian
et al. loaded Pd NPs with a particle size of 4.9 nm on hydrox-
ylated Ti,C, via methanol reduction (Figure 23b). The XRD re-
sults showed that the peak of hydroxylated Ti;C, shifted 1.7° to
a lower angle, confirming the increase in the OH~ promoting
layer spacing. The TEM results showed that alkalized Ti,C, ex-
hibited stronger adsorption of Pd. The synergistic action of al-
kalized Ti,C, and Pd NPs increased the catalytic activity for AB
hydrolysis by 82 times, and the corresponding TOF value was
230.6 min~1.I*0 Tu et al. soaked Ni 2p and Pt 2p ions onto a
DT-Ti;C, T, surface via the coordination of hydroxyl and fluoro
groups and then reduced them with NaBH, to obtain a NiPt/DT-
Ti,C,T, nanocatalyst (Figure 23c). The XPS results show that
the binding energy of Pt’ 4F in NiPt/DT-Ti,C,T, was slightly
higher than that of Pt/DT-Ti,C,T,, confirming that Ni gains
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Figure 22. The CDs as metal catalyst substrates for AB hydrolysis. a) lllustration of RuP,/CDs catalyst synthesis process. Reproduced with
permission.[274] Copyright 2020, American Chemical Society. b) Preparation process of the Co/CDs and Co-Co;O,/CDs catalysts. Reproduced with
permission.['22] Copyright 2020, Elsevier. c,d) Catalytic performance analysis of CoP-CoO/NCDs and other comparative catalysts. Reproduced with
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electrons from Pt. The change in the electron structure increases
the electron transfer in dehydrogenation and further promotes
N-H cleavage. The best catalytic activity was obtained when
Ni: Pt ratio was 4:1. Other bimetallic NPs supported by DT-
Ti,C,T, also exhibited good catalytic activity, highlighting the
universality of DT-Ti;C, T, as support. The development of het-
erogeneous catalysts with high selectivity and tolerance is con-
ducive to the practical application of hydrazine borane hydrate
as a promising hydrogen-storage material.?”’] Fan et al. synthe-
sized a RuCo/Ti;C,X, composite by the co-reduction of RuCl,
and CoCl, using AB as the reducing agent and Ti,C,X, thin
slices as the support material. The TEM results showed that
the average particle size of RuCo/ Ti;C,X, was 2-3 nm. Si-
multaneously, using the magnetic properties of the catalyst it-
self can achieve efficient recovery and use of the catalyst.['’]
Then, Vanden et al. proposed a simple and effective method,
using surface-oxidized Ti,C,T, as NP supports, successfully
loaded on O-Ti,C,T, surface ultra-small Rh NPs with a par-
ticle size of 2.60 nm and uniform distribution, as an excel-
lent catalyst for the release hydrogen of AB hydrolysis. Com-
pared with Ti,C,T, supports, the catalytic activity of O-Ti,C,T,
supports using surface oxidation is 8.21 times that of Ti,C,T,
supports.[2%]

Adv. Sci. 2023, 10, 2300726

2.11. Other Supports

Researchers have also systematically studied the role of other
supports in AB hydrolysis. These supports are covalent organic
frameworks (COF),[28] Ni foams,!'*’] cucurbit 5 (CB5),I#°) metal
nanofilms,% Ag@Pd nanocubes,??] TiN,[?% supramolecular
organic frameworks (BOFs),>" dendrimers,!'*] imidazolium-
based organic polymers (IOP),!?83 and polytriazolium poly(ionic
liquid) (PIL).'® Finding new supports for loading transition
metals is an effective way to improve activity, simultaneously, de-
signing targeting vectors based on the factors affecting AB hy-
drolysis is even more important.

Nitrogen-rich covalent organic frameworks (COFs) with high
nitrogen content and an inherently porous backbone support the
encapsulation active metal NPs (MNPs). Lu et al. used a metal-
nitrogen (M—N) coordination reduction strategy to synthesize a
low-cost nitrogen-rich COF (PC-COF) as a support for encapsu-
lating Rh NPs, using piperazine and trichloroamine as raw ma-
terials. (Figure 24a). The optimized Rh/PC-COF catalyst was ho-
mogeneously dispersed with a narrow Rh nanoparticle distribu-
tion (1.4-2.6 nm) and exhibited an ultra-high catalytic activity for
the methanolysis of AB at 298 K with a TOF of 505 min~1.[278] Li
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Figure 24. The other supports as metal catalyst substrates for AB hydrolysis. 01 a) Schematic illustration of the synthesis of the Rh/PC-COF catalyst.
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et al. prepared a Co-NC/NF monolithic catalyst by the pyrolysis
of ZIF-67/NF precursor at a high temperature (Figure 24b).11#7]
The highly ordered porous structure of ZIF-67 on Ni foams in-
hibits the aggregation of CoNPs. The surface spacing of C (002)
was 0.340 nm, confirming the presence of graphitic carbon. The
integral design of catalysts based on nickel foam is necessary
for practical applications. Lu et al. designed Ag@Pd core—shell
nanocubes in an Ag nanomaterial core as an absorber of light
and an ultrathin Pd shell as a catalytic site on the surface. TEM
showed that the cubic morphology was well maintained after Pd
coating on Ag the nanocubes (Figure 24c—e).2!?l To verify the
effectiveness of the polymer, Pd was selected as an example to
demonstrate the effectiveness of our polymer supports for the
synthesis of high-quality metal clusters. The particle size of the

Adv. Sci. 2023, 10, 2300726

Pd nanoclusters is 1.0 nm. Using this method, Co, Ni, Cu, Ru, Rh,
Ag, Pt, Au, and AuNi were synthesized in batches (Figure 24f).
The catalysts exhibited high AB hydrolysis activity. This unexpect-
edly high catalytic activity and stability can be attributed to the
capping agents.!'8] Naldoni et al. designed a Pd-TiN nanocrys-
talline hybrid, including a plasma TiN core and multiple plat-
inum nanocrystalline catalytic centers. The apparent quantum
yield of hydrogen production from ammonia boron driven by
thermal electrons was 120%. TEM morphology analysis showed
that Pd was evenly distributed on TiN, with little difference in
particle size (Figure 24g—i).[?8] The catalytic activities of Ag@Pd
and Pd nanocubes were very similar, and the H, precipitation rate
was 0.11 mmol min?, much higher than that of Ag nanocubes
(0.07 mmol min'!). CB-AB complex systems, especially CB8-AB
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trimetal PtCoNi nanoalloy. Reproduced with permission.[2°® Copyright 2019, American Chemical Society. b) IOP and Pd—Au/IOP synthesis process
illustration. Reproduced with permission.[233 Copyright 2018, American Chemical Society. c) Synthesis schematic of Pt-Co/1 NPs loaded in dendrimers.
Reproduced with permission.!'8¢] Copyright 2019, American Chemical Society. d) Synthesis mechanism e,f) and comprehensive analysis of hydrogen
production performance for Ni/FeNiO,-25. Reproduced with permission.[3¢] Copyright 2021, American Chemical Society.

and CB5-AB, have more potential to be hydrogen-producing ma-
terials at room temperature because they can improve the hy-
drogen release kinetics by lowering the activation barrier, signif-
icantly improve the relative H, yield, and have good reusability
(Figure 24j).1271

Through the tunable supramolecular assembly of CB5 and
boron clusters, Zhou et al. successfully prepared a dodecaborate-
based supramolecular organic frameworks (BOF) based on CB5,
and a trimetal PtCoNi alloy was grown in situ in this BOF (Fig-
ure 25a).2°" When the molar ratio (CB5 to boron clusters) was
1, beautiful flower-like self-assembly structures with diameters
of 400 nm were formed. Changes in the mole ratio lead to the
formation of various supramolecular nanostructures. Different
PtCoNi-BOF catalysts were synthesized under the conditions of
3.5 wt% Pt loading, and the catalytic performance of AB for hy-
drogen release in H,O was investigated. The TOF value of the
three-metal PtCoNi-BOF system was greatly improved compared
to that of the single-metal BOFs system. To verify the feasibil-
ity of imidazolium-based organic polymers (IOP) as supports,
Wang et al. synthesized Pd/IOP, Au/IOP, and PD-Au/IOP (Fig-
ure 25b).[283 Owing to partial pore filling and mass increase. This
is due to partial pore filling and mass increase. The BET surface
areas of Pd-Au/IOP, Pd/IOP, and Au/IOP loaded with metal NPs
were 23, 20, and 21 m? g1, respectively. TEM results showed
that the particle sizes of Pd, Au, and Pd—Au NPs in Pd/ IOP,
Au/IOP, and Pd—-Au/IOP were 1.55 + 0.20,1.80 + 0.20, and 1.50
+ 0.20 nm, respectively. The distribution and size of metal NPs

Ady. Sci. 2023, 10, 2300726

are much more uniform and smaller than those of carbon, zeo-
lites, and metal oxide supports. Dendritic macromolecules have
been widely used as supports and exhibit high catalytic efficiency.
Astruc et al. synthesized PtCo bimetallic catalyst by sodium boro-
hydride reduction method combining the advantages of dendritic
molecules (Figure 25¢).[18] The relationship between the Co con-
tent and TOF of the catalytic activity was discussed. The high-
est TOF value is 257.1 min~! when the Co content was 50%.
The synergistic effect of NaOH significantly improved the cat-
alytic activity. Metal-based nanocomposite films have also been
used for catalytic reactions. Chen et al. synthesized a NiFe-based
nanocomposite film Ni/FeNiO,-X by the ionic liquid/water inter-
face method (Figure 25d).**) The Ni-Fe?* dual active sites at the
FeNiO, and Ni interfaces were involved in the targeted adsorp-
tion and effective activation of H,O and NH,BH,; molecules, re-
spectively. The optimized Ni/FeNiO,-25 catalyst exhibited has the
best catalytic activity for AB hydrolysis, with a TOF of 72.3 min™!
(Figure 25e.{).

3. Investigation of the Catalytic Mechanism and
Pathway of AB

3.1. Exploration of the Catalytic Mechanism

Understanding the catalytic mechanism is crucial for catalyst
design and for improving catalytic activity. Figure 26 depicts
the progress in research on the catalytic mechanism of AB

2300726 (32 O‘F49) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

Cleavage by oxidative addition
of an O-H bond in H,0

www.advancedscience.com

Mechanisms of interfacial
dual-active sites

Accelerate the oxidative clearage of
the H-OH bond from attacked H,0

B-H—H-B interactions
in the thermal decomposition

activation of H,0

Figure 26. Recognition and development of catalytic mechanism.

hydrolysis. The AB hydrolysis mechanism was first investigated
in 2006 by Xu et al. They loaded Co-based NPs on different
supports (y-Al,0;, SiO, and C) and showed that the reduction
of E, corresponds to the breakage of the B-N bond.[®!l In
2014, Guan et al. confirmed that the B-H and the N-H bonds
were simultaneously broken through KIE.?82] [n 2017, multiple
catalytic mechanisms were proposed, including nucleophilic
substitution,?* activated water,”?) oxidation addition and re-
duction elimination,/””l and proton activation.[?®*] In 2019, Liu
et al. suggested that oxidative clearance of the H-OH bond is
the rate-determining step.[?®! Li et al. proposed a bimolecular
activation mechanism in 2021,12"°! and later suggested an inter-
face two-site activation mechanism in 2022.1*81 To date, research
on the determination of the rate-determining step (RDS) of AB
remain elusive.

3.1.1. Preliminary Judgment of the Activated Water Mechanism

To determine the RDS of AB hydrolysis, Chen et al. measured
the KIE with Co/CNT and Co/AC catalysts.”?] The dehydrogena-
tion behavior of NH;BD, in H,O is similar to that of NH,BH,
in H,0. The dehydrogenation of NH;BHj, in D, O is slower than
that in H,O (Figure 27a). The O-H bond energy is 493 KJ mol !,
and the B-H bond energies are 430 K] mol~!, and the B-N bond
energy is 117 K] mol~'. Depending on the bond energy, activated
water is key, but the rupture of the B-H bond cannot be ignored.
Subsequently, Chen et al. fully simulated the effect of Pt doping
on the hydrolysis system (Figure 27b).[*}] The largest kinetic bar-
rier in the calculation is the O-H bond breaking, requiring an
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activation of proton, and activation
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energy of 0.88 eV in the existence of Ni. When Pt was added to
form a Pt-Ni double site, the energy required to break the O-H
bond was 0.75 eV. Thus, the active center was a single Pt atom
surrounded by Ni atoms. The synergistic effect between Pt and
Ni resulted in a decrease in the kinetic barrier for AB hydrolysis.
Wang et al. systematically studied the reaction path of AB hydrol-
ysis using NiCu/CNS catalysts (Figure 27c).'?’] Based on theoret-
ical calculations, hydrolysis is divided into three processes: H,O
activation, OH transfer, and OH attack AB. The electron-rich Ni
sites in NiCu can significantly promote the activation of H,O. Ki-
netic isotope effects with KIE values of 2.8 indicate bonding or
breaking with isotopically labeled atoms in RDS. The KIE value
calculated for the Cu,; @Cu,,CoO, @GO catalyst was 3.4 (Fig-
ure 27d). This evidence suggests that the cleavage of the O-H
bond from H,O is the rate-determining step for AB hydrolysis
(Figure 27¢).'%] Song et al. simulated the reaction pathway for
activating H,0O molecules during AB hydrolysis (Figure 27f).12%]
The low energy barrier 0.94 eV of the Ni/Ni,P surface indicates
that the heterostructures have suitable properties. The formation
of the Ni—P bonds and the transfer of electrons from Ni to Ni, P ef-
fectively promoted the activation of H,O. The synergistic effects
of C, Ni, and Ni/Ni, P in the heterostructure complex simultane-
ously promoted the adsorption activation of the reactants and the
formation of the final products during AB hydrolysis.

3.1.2. Oxidation-Reduction Mechanisms (Oxidative Addition and
Reductive Elimination)

Didier et al. proposed an oxidation addition mechanism for AB
hydrolysis (Figure 28a).[*®] A high KIE value (4.95) confirms the

2300726 (33 0f49) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 27. a) Illustration of water activation mechanism of Co/CTF-1 catalyst. Reproduced with permission.[7?] Copyright 2017, Royal Society of Chem-
istry. b) Simulated hydrolytic dehydrogenation pathway at the Pt-Ni site. Reproduced with permission.[**] Copyright 2017, American Chemical Society.
c) Detailed process of activating water on NiCu catalyst. Reproduced with permission.['?*] Copyright 2020, American Chemical Society. d) Effect of
H,O and D,0 on hydrogen production time, e) and the influence of OH on TOF value by Cug ; @Cug ;CoO,@GO. Reproduced with permission.[11%]
Copyright 2020, Elsevier. f) Dissociation of water molecules over Ni and Ni,P-Ni catalysts. Reproduced with permission.[284] Copyright 2019, American

Chemical Society.

oxidative addition of the O—H bond during the rate-determining
step. B—H bond exhibits hydride characteristics and promotes hy-
drogen transfer. H;NBH,H and H,0 formed hydrogen bonds
[H;NBH,H] ---H-OH, eventually releasing a molecule of H,.
Subsequently, Didier et al. further studied the reduction elimina-
tion generation process of H, (Figure 28b).[1#%] After oxidation ad-
dition, Co adsorbed NH;BH, and O-H, and the two surrounding
Ptatoms adsorbed H from the B—H bond fracture, and O-H bond
fracture, respectively. The reduction elimination of H, is formed
from two H atoms on Pt, and the intermediate NH,BH,OH is
formed from NH;BH,~ and OH". Liu et al. further analyzed the
oxidation cleavage of H-OH bond in H,0 using a Pt@NiO/Ni-
CNT catalyst (Figure 28c).2%®] On the one hand, the presence of
NiO is beneficial for the adsorption of H-OH and the dissociation
of positive H. On the other hand, the electron-rich surface state of
Ptin the NiPt alloy facilitates the interaction with H. Both AB and
H, O molecules can kinetically dissociate positively charged H on
electron-rich Pt surfaces. Two positively charged H ions then co-
valently bond to form H, molecules, with the H, molecules im-

Adv. Sci. 2023, 10, 2300726

mediately released from the Pt surface. The mechanism analysis
of the RhNi@NHMCs catalyst shows that adding more Rh on
the Ni surface facilitates the coordination of H,O on Ni surface,
thus promoting the oxidation cleavage of the O-H bond in H,0
(Figure 28d).12”) Ni alloying can change the electronic structure
of the Rh surface and thermodynamically reduce its E,.

3.1.3. Nucleophilic Substitution Mechanism

Nucleophilic substitution usually occurs on a positively or par-
tially positively charged carbon, where the carbon atom reacts
with a negatively or partially negatively charged nucleophilic
reagent and is substituted. Nucleophilic substitution reaction
(Sn2) was used to explain the reaction mechanism of AB hydrol-
ysis. The detailed process is shown in Figure 29, where the reac-
tion is initiated by AB and H,O adsorbed on the surface of the
catalyst. According to the Sy 2 reaction mechanism, HO* attacks
the B bond in BH;NHj;, replaces the B-H bond, and releases
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Figure 29. Sy 2 catalytic mechanism of AB hydrolysis. Reproduced with permission.[**] Copyright 2017, Royal Society of Chemistry.

H*(OH* + BH,NH,*—BH,OH* + NH,*).>l The S,2 step is
the rate-limiting step in the hydrolytic dehydrolysis of AB, which
reasonably explains why the presence of OH can significantly im-
prove the catalytic performance and shorten the induction period.

3.1.4. Bimolecular Activation of AB and Water

The mechanism of bimolecular activation of AB and water has
been studied. Ammonia boron was hydrolyzed at the Pt-WO,
double-active site (Figure 30a).'*"] Pt NPs promoted the decom-
position of NH;BH; into NH,BH, and H, and WO, promoted
the decomposition of H,O into OH and H. The H atoms at
the metal-oxide interface combine to form H,. Subsequently,
Duan et al. synthesized a Pt-PdO interface double-site catalyst

Adv. Sci. 2023, 10, 2300726

(Figure 30D).1?8" Surface Pd atoms are more likely to adsorb
and bind to oxygen during catalyst passivation. Compared with
PdO, Pt has a stronger ability to activate AB, whereas H,O can
achieve rapid dissociation on PdO. The Pt-rich nucleus and PdO-
Pd shell can be used as double catalytic sites for ammonia to
promote dehydrogenation of AB and H,O. In catalytic dehydro-
genation, oxygen vacancies can act sites (Figure 31¢).[2*!] H,O
was adsorbed by the O-H bond to V, near the Pt atom. The
O-H bond then breaks, forming Pt-H* and V,-OH*. NH,BH,
is adsorbed on Pt atoms through B and decomposed into Pt-H*
and Pt-NH,;BH, *. V,,-OH* combined with Pt-NH;BH,* to form
NH,;BH,OH. The two Pt-H* atoms then combine on the Pt sur-
face to form the first H, molecule. The B-Co-P double site activa-
tion mode was also studied in depth by Li et al. (Figure 30d).1"*!
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Figure 30. a) Schematic diagram of Pt-WO, dual site activation mechanism. Reproduced with permission.[®?] Copyright 2020, Elsevier. b) Diagram of
PtPd bimetal structure, and potential energy diagram of activated AB and water molecules. Reproduced with permission.[28b] Copyright 2020, American
Chemical Society. c) Dual activation mode of Pt and oxygen vacancy. Reproduced with permission.[23'] Copyright 2021, Wiley-VCH. d) B-Co-P double
site activation mode by Co;B-CoP/h-BN catalyst. Reproduced with permission.["8] Copyright 2022, Elsevier. e) The E, of water molecules is at different
sites of the Ni;Ru; /TCN catalyst. Reproduced with permission.[218] Copyright 2021, Elsevier.

NH,BH, and H,O molecules were adsorbed on the surface of
Co,B-CoP/h-BN by the atomic bridge structure of B-Co-P double
active site, respectively. H,O-[Co-B]* dissociated more easy into
OH-[Co-B]* and H[Co- B]* The B-H bond in NH;BH,[Co-P]*
breaks to form NH,BH,[Co-P] * and H-[Co-P]*. Subsequently,

H-[Co-P]* and H-[Co-B]* release H, molecules from the surface
of the active catalyst, and OH-[Co-B] * attacks NH,;BH,[Co-P] *
to form NH,BH,OH*. Guo et al. believed that a hydrogen bond
(H;NBH,H]---H-OH) between NH,;BH; and H,0O was formed
during the hydrolysis process because of the hydride nature of
B-H bond (Figure 30e).[2*l When NH,BH; and H,0 molecules
are near the NiRu/TCN surface, the electron-rich Ru atom is
most likely to activate the B-H bond in the molecule, whereas
the electron-less Ni atom is most likely to activate the O—H bond
in the water molecule. The two activated H atoms then combined
to form H, molecules.

3.2. Exploration of Catalytic Pathways

The detailed study and prediction of the AB hydrolysis pathway
have practical significance for understanding the catalytic mech-

Adv. Sci. 2023, 10, 2300726

anism and improving the catalytic activity. Wu et al. simulta-
neously reserve one hydrogen atom and two hydrogen atoms
on Pt;-C,N, for studying the catalytic process of AB hydrolysis
(Figure 31a).12®] The complete hydrolysis of AB on HPt,-C;N,
began with the separation of hydrogen from the adsorbed AB
(TS1’) at an energy barrier of 0.55 eV. The first H,0 molecule
(I2") then attacks *BH,NH; to form (I3’) with a lower energy
barrier of 0.10 eV. The resulting molecules adsorbed H, with a
desorption energy of 0.37 eV. *BH, (OH)NHj, (I4’) releases a sec-
ond hydrogen barrier of 0.13 eV, forming *BH(OH)NH, (I5’).
The second H,O molecule attacked *BH(OH)NH, (16') to form
*BH(OH)(H,0)NH; (I7'), corresponding to an energy barrier of
0.60 eV. In the next step, *BH(OH)(H,0)NH, (I7’) dissociates to
form an adsorbed hydrogen molecule and *BH(OH),NH, (I8’).
The H, desorption energy generated in the second step is 0.68 eV,
which is the RDS of the whole hydrolysis process. The RDS may
shift to the formation of *BH(OH)(H,O)NH, with an entire bar-
rier of 0.60 eV if the entropy of gas-phase hydrogen is considered.
Separate H atom is difficult from BH,;NH, at the 2HPt,-C,N,
site, and the reaction energy is 1.63 eV (Figure 31b). On the con-
trary, the direct introduction of the H,O molecule (I1) effectively
lowers the reaction barrier at the initial step to 0.33 eV, forming
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2020, American Chemical Society. d) Oxygen vacancy-relating catalytic pathways by Co-CN-O-100 catalyst. Reproduced with permission.['%] Copyright
2022, Wiley-VCH. e) Hydrolysis pathways at double active sites Coyy* and Co o) *. Reproduced with permission.['%] Copyright 2020, Elsevier.

I,." Zheng et al. simulated this catalytic pathway (Figure 31c).l?%

First, the interaction between AB and the RuNi alloy NPs surface
promotes the activation of the B-H bond in AB, forming active
RuNi-H species. The AB-RuNi intermediate species were then at-
tracted to the H,O molecules adsorbed on the surface of the RuNi
NPs, breaking the B-N bond. Then, H in the BH, intermediate
and H in H,0 form H,. The reaction pathways for bimolecular
activation have also been studied thoroughly.('*28¢] Li et al. sim-
ulated the specific reaction path on Co;0O, nanocrystals loaded
with oxygen-rich vacancies on C;N, (Figure 31d),'® and this re-
action can be divided into five steps as follows.

NH,BH, + H,0 — NH,BH,0H + H, 9)
NH,BH,0H + H,0 — NH,BH(OH), + H, (10)
NH,BH(OH), — NH,BHO + H,0 (11)
NH,BHO + H,0 — NH,BOOH + H, (12)
NH;BOOH — NH; + BO; (13)

In Equation (11), the two hydroxyl groups in NH,BH(OH),
condense to remove a molecule of H,O. Subsequently, Li de-

Adv. Sci. 2023, 10, 2300726

signed Coy,* and Cop,* double active sites and combined the
double active sites with AB and H,O molecules to analyze the re-
action path (Figure 31e).'*] The specific reaction path is as fol-
lows:

NH,BH, + Coj, = NH,BH, — Coj,, + H* (14)

H,0 + Cof,, = HO — Coy, + H" (15)
NH;BH, — Co,, + H" + HO — Co,, + H"

=HO - Co,, + NH;BH,0H — Co + H, 1 (16)

NH,BH,OH — Co"

iy +HO—Cor +H

= NH,BH(OH), - Coy, +H, 1 (17)

NH,BH(OH), — Co"

N +HO - Co(o) +H

= NH,B(OH), — Co,

fy+Hy T (18)

NH,B(OH), — Cof, = NH,;BOOH — Co’,

ohy +H,0 (19)
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NH,;BOOH - Co — NH; + BO; (20)

At the same time, there is also the possibility that OH poly-
condensation into H,O occurs after the complete release of three
molecules of H,; that is, B(OH), is converted into BOOH and
H,0 at the Coy,* site.

Zeng et al. first proposed a proton activation pathway by exam-
ining the dependence of the reaction rate on the NH,BH, con-
centration or proton concentration (pH). The detailed reaction
path is as follows (Figure 32a):

H+e+ - H=x (21)
NH,BH,; + H *— H, + NH;BH, * (22)
NH,BH, * +OH™ — NH;BH,OH + e+ * (23)
NH,BH,0OH + H %*— H, + NH,;BHOH = (24)
NH,;BHOH * +OH™ — NH,BH(OH), + e+ = (25)

Adv. Sci. 2023, 10, 2300726

NH,BH(OH), — NH,BHO + H,0 (26)
NH,BHO + H #— H, + NH,BO (27)
NH,BO * +OH~ — NH,BOOH + e+ (28)
NH,BOOH — NH! + BO; (29)

Wei et al. experimentally confirmed that the electron-deficient
Pt?* site activates the B-H bond, while the O, -Mo’* site acti-
vates the O-H bond. The catalytic reaction pathway was simu-
lated based on theoretical calculations (Figure 32b).[?”] The de-
tailed reaction path is as follows.

NH,BH, + 2H,0 (g) — NH;BH; + 2H,0 = (30)
NH,BH, + 2H,0 %— NH,BH, % +2H,0 * (31)
NH,BH, * +2H,0 *— 20H % +2H % +NH,BH, * (32)

20H # +2H % +NH,BH, #— 20H * +3H % +NH,BH, % (33)

2300726 (38 0‘F49) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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20H * +3H * +NH,BH, *— NH,BH,OH * +OH # +3H x(34)
NH,BH,OH * +OH * +3H %— NH,BHOH # +OH s +4H x(35)
NH,BHOH # +OH * +4H — NH,BHO x +OH * +5H * (36)

NH,;BHO * +OH # +5H %— NH;BO % +OH = +6H = (37)

NH,BO # +OH # +6H %— NH,BO, * +3H, x (38)

The Pt**-0,-Mo* interface site, which is the intrinsic active
center, plays a key role in promoting the hydrolytic dehydrogena-
tion of AB. Qin et al. studied the reverse spillover mechanism
of spatially separated NiO/Al,O, /Pt catalyst (Figure 32c,d).12>]
In the process of AB hydrolysis, there is no metal Ni’ in the
NiO/AL O, /Pt catalyst, but the reduced of NiO exists in the
NiO/AL O, catalyst. The reduction of NiO is completely inhib-
ited by the addition of Pt to the NiO/Al, O, /Pt catalyst, indicating
that the H species produced at the NiO sites are not required for
the reduction of NiO. Species H overflows from NiO to the Pt
site, where it binds to H, and is released. Lu et al. studied the
influence of hydrogen-bonding interactions in H,O clusters on
the mechanism and path of AB hydrolysis (Figure 32e).."5] The
adsorption energies of the AB and (H,0), surface are AE,;, of
—1.67 eV. The amino group of AB tends to interact with the hy-
drogen bond associated with H,O after the cleavage of H-OH.
The synergistic action of AB and the hydrogen bonds in water
further promotes the dissociation of H,0O molecules. Rupture of
the B-H bond in [Co-(NH,BH,:(H,0)¢(OH))*] leads to the for-
mation of an intermediate in [Co-(NH;BH,:(H,0)s(OH))*]. Sub-
sequently, the combination of two adjacent H* atoms result in
the formation of H, (g).

4. Green and Sustainable Recycling Technology of
AB

AB contains hydrogen and protic hydrogen, facilitating the re-
lease of H, under mild conditions. Highly efficient catalysts pro-
mote H, production. However, the key to practical application
is effective recyclability. Currently, little research and reporting
have been done in this area, and further research is needed.!?*’]
At present, AB is mainly recycled and regenerated through the
hydrazine and liquid ammonia, hydrodechlorination and lithium
aluminum hydride methods.

4.1. Three Ways of Regenerating AB from Dehydrogenation
Byproducts

4.1.1. Regeneration of AB Using Hydrazine and Liquid Ammonia

The regeneration of AB from hydrazine and liquid ammonia is
currently the most studied method. The release of hydrogen from
AB is accompanied by the formation of a heterogeneous solid
boron borohydride material (BNH,). The highly polymerized ma-
terial was mainly composed of (BH,NH,), and (BHNH)_, and its
structural characteristics were similar to those of polyborazene
(PB).12®] Hydrazine and liquid ammonia attack the B-H bond at
the edge of BNH, to form an N, H, bond, resulting in the release
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Figure 33. Schematic diagram of regenerating AB from hydrazine and lig-
uid ammonia.Reproduced with permission.[238] Copyright 2020, MDPI.
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Figure 34. Schematic diagram of AB regeneration by hydrodechlorination.
Reproduced with permission.[2°0] Copyright 2008, Elsevier.

of AB and N, H, from the BNH, surface (Figure 33). However,
the regeneration process still needs to overcome the following
difficulties: first, the reaction must be carried out under a high
pressure and sealed environment, and second, measures must
to be taken to increase the amount of B-H in BNH, to increase
the yield of AB.[288]

4.1.2. Regeneration of AB by Hydrodechlorination

As shown in Figure 34, hydrodesulfurization of BNH,, the py-
rolysis product of AB, was performed in the following four steps
(39-42).12%0]

BNH, + 4HCI — BC, + NH,Cl + x/2H, (39)
NH,Cl — NH, + HCl (40)
BCl, + 3H, — 2B,H, + 3HCl (41)
4NH, + 2B,H, — NH,BH, (42)

BNH, can be completely digested using hydrochloric acid
to obtain BCl; and NH,Cl (32), and NH,Cl can be further
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Figure 35. a) XRD comparison between regenerated AB and pure AB was conducted. Reproduced with permission.[2™l Copyright 2021, Wiley-VCH. b)
1B Nuclear magnetic resonance (NMR) spectrum of regenerated AB. Reproduced with permission.[2%2] Copyright 2021, Elsevier.

transformed into NH;+HCI (33). The rational design of the BCl,
hydrodechlorination process is key to efficient energy recovery
(34). The reaction between BCl; and H, at low temperatures
is thermodynamically impossible. Under 600-750 °C, the high-
energy consumption process on BCly can direct hydrodechlori-
nation. In addition, substances containing a negative hydrogen
charge, such as sodium hydride, tributyltin hydride, or organosi-
lane, also prone to hydrodechlorination. The reaction of BCl; hy-
drodechlorination is a problematic scientific task. Easier regener-
ation methods need to be developed to produce hydride contain-
ing borane species.

4.1.3. Regeneration of AB with Lithium Aluminum Hydride

The alcoholysis byproduct, ammonium tetramethylborate
(NH,B(OMe),), can regenerate AB under the reduction of
lithium aluminum hydride. Detailed reaction equations:
NH,B(OMe), + LiAlH, + NH,Cl — NH,BH, + Al(OMe),
+ LiCl + MeOH +NH; +H,. As shown in Figure 33a, the XRD
pattern of regenerated AB matches with that of pure AB, with
the charac(110), (101), (200), (002), (211), and (112).2°!) This
support also promotes the dehydrogenation and regeneration of
AB. After the modified bentonite loading, the AB dehydrogena-
tion efficiency increased from 35 to 71%, and the regeneration
efficiency increased from 32 to 67%. N,H,BH; formation
was also observed during the regeneration of NH,B(OMe),
(Figure 35a,b).

4.2. Hydrogen Production and Regeneration Systems Design

4.2.1. Design of Hydrogen Production and Regeneration System in
Aqueous Environment

Tuba et al. presented a detailed AB dehydrogenation and regen-

eration process in an aqueous environment (Figure 36).12*] The
specific process is as follows: First, hydrogen is directly released

Ady. Sci. 2023, 10, 2300726
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Figure 36. lllustration of dehydrogenation and regeneration system under
hydrolytic conditions. Reproduced with permission.[?>3] Copyright 2020,
American Chemical Society.

through the borazine intermediate formed in the aqueous so-
lution. Efficient catalysts accelerate hydrogen release. B(OH),~
is then converted to NaBO, in an alkaline NaOH environ-
ment. NaBO, is converted into NaBH, and NH,Cl in the pres-
ence of H, and HCl. Subsequently, NaBH, and NH,Cl are
combined to regenerate NH,BH,. Finally, one molecule of H,
is removed using reasonable measures to obtain regenerated
NH,BH,. The regeneration of borate-based AB has the advan-
tages of no harm and simple experimental operation, however,
exploring an efficient catalyst based on theory is still an urgent
need.

4.2.2. Regeneration of AB through Hydrolysis under Alcohol-Based
Conditions

Hua et al. studied three promising AB regeneration schemes
(Figure 37). The first uses thiols to remove AB waste, and formic
acid to end the fuel cycle. The second solution used alcohol
to remove AB waste. The third option is a single-reactor pro-
cess that uses hydrazine to regenerate AB. Figure 38 shows
the flow chart of the alcohol regeneration scheme. The four

2300726 (40 O‘F49) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 38. Standardization, hydrolysis, regeneration, and outlook of AB hydrolysis.

parts are (1) digestion, (2) metal hydride formation, (3) re-
duction with metal hydride, and (4) ammonification to form
BH;NH;. The overall energy consumption is then calculated.
The recovery efficiency of the well-to-tank (WTT) system un-
der no heating conditions is 31%, and that under heating
conditions was 37%. Hydrogen production accounts for 46%
of the total primary energy, regeneration accounts for 54%,
and fuel delivery consumes less than 1% of the total primary
energy.
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5. Prediction on the Future Progress for Hydrogen
Generation from AB Hydrolysis

Supported metal-based catalysts have gained significant attention
owing to their unique properties and active centers and their
potential applications in catalyzing hydrogen production from
liquid hydrogen storage materials. In this review, we first in-
troduced the physicochemical properties and standardized test-
ing procedures for AB, followed by a summary of the catalytic
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performance of supported metal-based catalysts over the last
decade. We evaluated parameters such as the TOF, E,, nanopar-
ticle size, and durability. Secondly, we used extensive examples
to illustrate the advantages of various supports in catalyst design
and their influence on the active center. We analyzed the synthe-
sis strategies and morphologies of noble and non-noble metal cat-
alysts encapsulated in various materials such as graphite, MOF,
metal oxides, carbon nitride, MoC, CNTs, h-BN, zeolite, CDs, and
MXenes. Supported catalysts have many advantages over metal
NPs, including enhanced stability and recyclability, maximized
electronic interaction between the metal NPs and active phase
materials, and adjusted adsorption state of the reactants. Thirdly,
we emphasize a comprehensive analysis of the development and
hydrolysis pathway of the AB hydrolysis and the positive opti-
mization of the hydrolysis mechanism by active supports. Finally,
we discuss the feasibility of recycling and reusing AB using or-
ganic and inorganic methods. Figure 38 provides a comprehen-
sive summary of hydrogen production from AB. Despite signifi-
cant progress made over the past decade, there are still challenges
to the widespread use of loaded AB hydrolytic material. The fol-
lowing is a brief list of these challenges and their potential solu-
tions.

5.1. Development of Novel Supported AB Hydrolysis Catalyst

Rhodium, ruthenium, palladium, and platinum are commonly
used as noble metal catalysts, but they are costly and unstable
for long-term AB hydrolysis. Because of their low activity, cobalt,
nickel, copper, iron, and other non-noble metal catalysts cannot
take the lead in this regard. To develop new catalysts with bet-
ter performance, it is essential to combine the strengths of both
noble and non-noble metals to create new active centers. One
way to achieve this is to construct polyatomic groups that mimic
the atomic composition and arrangement of precious metals and
form outer electron orbitals similar to those of noble metals. To
replace or partially replace precious metals with non-precious
metals, it is crucial to optimize experimental parameters such as
the metal support ratio, temperature range, solvent ratio, metal
precursors, and stabilizers.

5.2. Role of Support in AB Hydrolysis System

The active phase of a catalyst plays a critical role in promoting
the optimal dispersion and stability of NPs, preventing deacti-
vation by limiting unnecessary leaching or sintering, facilitating
reactant mixing, and optimizing the adsorption state to avoid sec-
ondary reactions. Currently, mainstream academic consensus fa-
vors bimolecular activation, in which AB and water molecules are
activated separately. Therefore, the design of double-active sites to
facilitate this process is crucial. To achieve this, a comprehensive
design of metal-active supports is necessary, where metal NPs
activate AB and rupture B—H bonds, while active phase supports
facilitate the rate-breaking step of water molecule activation and
O-H rupture. 1D supports such as CNTs and CDs are primarily
used for loading precious metals such as Ru and Pd, as well as
non-precious metals, such as Co and Ni. 2D supports, like GO,
g-C;N,, h-BN, MoC, and MXene, are suitable for loading a broad
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range of metals. Mechanisms between the metal and supports,
such as strong metal-support interactions and surface function-
alization strategies, are also being investigated. 2D support ma-
terials, such as, MOF and zeolites, mainly encapsulate metals
in their corresponding pore channels, providing long-term ac-
tivity. Novel active supports such as MXenes and CDs, can op-
timize charge transfer between active regions, offering new cat-
alytic models. Modifying the surface terminal of MXenes allows
for the adjustment of the electronic structure of the active metal
site, affecting the atomic bond distance and bond energy of the
adsorption intermediates. Using MXenes as a support and tran-
sition metal to construct a dual-active center catalytic material is
expected to result in high-activity, high-stability, and low-cost cat-
alytic material for hydrogen production from AB hydrolysis.

5.3. New Technology

Advanced in situ and time-resolved characterization techniques
have been developed, along with theoretical calculations, to exten-
sively investigate the mechanism of action and catalysis of met-
als and supports in the AB hydrolysis system. Real-time moni-
toring of the active sites was conducted using in situ measure-
ments, such as HAADF-STEM, XAS, and Raman spectroscopy.
Additionally, instantaneous characterization methods, such as pi-
cosecond lasers, have been employed to observe the AB hydrol-
ysis reaction step at the catalytic site with atomic spatial resolu-
tion and millisecond time resolution. An experimental parameter
classification model has been established to optimize the catalyst
preparation technology, which is challenging but potentially ben-
eficial.

5.4. Controllable Cost and Large-Scale Application

Hydrogen production using AB has numerous advantages, such
as high efficiency, safety, and rapid dehydrogenation at room tem-
perature. However, the current production cost of AB remains
very high, and its reduction is crucial. There are three ways to
reduce the cost of the catalyst design. First, the amount of pre-
cious metals used can be reduced, and these can be combined
them with inexpensive non-precious metals. The rational use of
precious and non-precious metals can improve the activity of
catalysts and reduce their cost.!?””2¢’] Second, inexpensive non-
precious metals are directly found on earth as catalysts, while de-
veloping rapid mass synthesis strategies to reduce costs. Third,
metal-free catalysts use cheaper materials such as Si, C, and N to
reduce costs.[322%]

5.5. In-Depth Mechanism Study

However, the mechanism of AB hydrolysis is currently a topic
of controversy. Although several catalytic mechanisms have been
proposed based on density through density functional theory cal-
culations, there is a lack of corresponding experimental evidence.
The correlation between the electronic structure and catalytic per-
formance is not yet fully understood, and the influence of mor-
phology on catalytic performance remains unclear. In addition,
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there is a lack of means to measure and confirm reaction inter-
mediates and transition states. Distinguishing between multiple
AB hydrolysis mechanisms remains challenging, particularly be-
cause there may be multiple reaction mechanisms may occur on
the same catalyst. Therefore, designing test schemes in situ and
under working conditions is crucial to comprehensively studying
the in situ mechanism.

5.6. Circulation and Regeneration of AB

AB must be efficiently circulated and regenerated to facilitate the
widespread use of AB as a liquid hydrogen storage material. Un-
fortunately, the primary obstacle to achieving this goal is the high
cost of recycling AB. There is a critical need to develop of new
cost-effective recycling systems and catalysts to enable efficient
and sustainable AB regeneration.

5.7. The Introduction of Artificial Intelligence Technology

Artificial intelligence can be utilized to study and optimize the
relationship between the composition, structure, process, and
properties of catalytic hydrolysis materials. To efficiently obtain
a large amount of experimental data, a parameter hierarchical
optimization model can be constructed. High-throughput prepa-
ration and testing techniques were employed to analyze the ex-
perimental results. Finally, an explainable model theory must be
established to derive reliable experimental conclusions for AB hy-
drolysis.

5.8. Exploration and Utilization of Portable Mobile Hydrogen
Storage Energy

Implementation of a portable power supply system utilizing lig-
uid hydrogen storage technology is of immense economic im-
portance and holds great research significance. This technol-
ogy is expected to find applications in various domains such
as hydrogen-powered drones, fuel cell mopeds, and sizeable
hydrogen-powered buses.
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