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Introduction

Unlocking the catalytic role of oxygen
functionalities on carbon-based catalysts for
hydrogen generation from ammonia borane

Elisabetta Inico,® Silvio Bellomi, 22 Marta Stucchi, @22 Laura Prati, 2@
Alberto Villa, 22 Giovanni Di Liberto @2 *° and Ilaria Barlocco () *@

Carbon-based materials are steadily emerging as a potential solution to reduce the use of metals in
hydrogen generation. The role of the amount of different oxygen-based functional groups in the ammonia
borane hydrolytic decomposition to hydrogen was investigated by functionalising with a strong oxidising
agent, HNOs, carbon materials with different graphitisation degrees, ie., pyrolitically stripped carbon
nanofibers (CNFs), graphite and graphene nanoplates (GNP). Results obtained with XPS and Raman
spectroscopy studies indicate that the oxygen content increases due to an increase in the quantity of
defects in the original materials: O-GNP < O-Graphite « O-CNFs. In order to further refine the results in
terms of the nature of the oxygen functionalities introduced, a mild oxidising agent was also employed on
CNFs, i.e. hydrogen peroxide (H,O,). Indeed, carbonyl and carboxyl groups are predominant under strong
oxidizing conditions, while ether-like and hydroxyl groups were introduced using H,O,. The presence of
C=0 bonds has a positive effect on hydrogen production, resulting in an increase of approximately one
order of magnitude from O-Graphene to O-CNFs. Quantum chemical density functional theory
calculations were used to obtain some atomistic insight into the activation of ammonia borane and to
assess the effect of oxygen functionality. The results of this study provide evidence of the positive effects
induced by the presence of C-O double bonds, suggesting a viable method for further catalytic optimiza-
tion toward the generation of hydrogen from ammonia borane.

photocatalytic and electrocatalytic processes.'®*° Importantly,
carbon-based materials were also employed in liquid phase

Hydrogen is a potential carbon-neutral energy source, but devel-
oping effective and safe hydrogen storage technologies remains a
huge challenge."” Liquid hydrogen carriers have been demon-
strated to be excellent for large-scale and long-distance hydrogen
transportation and storage because of their safety, efficiency,
environmental friendliness and above all high hydrogen storage
capacity.>™ Noble metal-based catalysts are typically employed to
quickly decompose these compounds into ultra-pure hydrogen
at moderate temperatures.® ' This raises some questions on the
overall sustainability of the process, triggering attention towards
metal-free alternatives."*® Carbon-based materials are a pro-
mising solution to reduce the use of metals in heterogeneous
catalysis. For instance, carbocatalysts have been widely investi-
gated in gas phase reactions, e.g. dehydrogenation of alkanes
and alkenes.'®'® These materials were also efficiently applied in
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reactions,> such as reductions of C-C multiple bonds and
aromatic compounds,®>*® coupling reactions**** and alcohol
oxidation.”®*” The surface structure of a carbocatalyst can be
controlled by the experimental conditions, making them a work-
horse in heterogeneous catalysis. Indeed, the combination of
topological defects (i.e. vacancies and reconstructions) and het-
eroatoms (such as O, N, B and P)** ' leads to a large number of
possible changes of the surface, which reflects the catalytic
activity.*>™*°

Carbocatalysts have recently been used in hydrogen produc-
tion from liquid hydrogen carriers. Some of us*"** showed that
intrinsic carbon defects, and in particular single vacancies, are
active in formic acid and hydrazine dehydrogenation, by com-
bining experiments and quantum chemical calculations. More-
over, we demonstrated that oxygen functionalities are active in
hydrazine decomposition.*? In particular, carboxyl and carbo-
nyl groups are responsible for decomposing the molecule
towards hydrogen and nitrogen.

A promising storage medium for hydrogen is ammonia
borane. Ammonia borane is a model liquid hydrogen carrier
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because it has high density, nontoxicity, and moderate decom-
position temperature. In addition, it is stable in air and soluble
in water and other polar solvents.** Moreover, NH;BH; has a
high hydrogen storage capacity of 19.6 wt% and it is composed
of only non-toxic elements. Ammonia borane can be decom-
posed to give hydrogen either via pyrolysis (in solid state) or
by metal-catalysed reaction in the presence of water (via
hydrolysis).*>*® During thermolysis, ammonia borane can
rapidly provide high-quality H,, but its application is still
hindered by two issues: (1) the dehydrogenation temperature
needs to be reduced (at least under 85 °C, the fuel cell operating
temperature), and (2) the formation of volatile by-products
needs to be inhibited.>” In contrast, hydrolytic dehydrogena-
tion can be achieved under mild reaction conditions (room
temperature and pressure). The catalysts employed in this
reaction are usually noble-metal based (e.g. Pt, Rh, Pd and
Ru)*’ 7' supported on oxides, such as CeO,.*® In this reaction,
water is not only the solvent, but also a hydrogen source, see
eqn (1). According to this path, 3 moles of hydrogen can be
released per mole of ammonia borane provided that a metal
catalyst is present.’” This reaction involves the cleavage of B-H
and O-H bonds, in ammonia borane and H,O molecules,
respectively. Moreover, a catalyst needs to facilitate H* transfer
to evolve H,.>

Hydrolytic dehydrogenation:

NH;BH;(aq) + 2H,0(l) — NH4BO,(aq) + 3H,(g)

Given the potential of oxygen-functionalized carbocatalysts
for hydrogen generation from hydrazine, in this work, we
investigated the effect of the amount and nature of oxygen
functional groups on carbon materials with different graphiti-
sation degrees on the liquid phase hydrolytic decomposition of
ammonia borane (AB) to form hydrogen under mild reaction
conditions. Experimental data were combined with density
functional theory calculations to provide insights into the role
of oxygen functionalities and to provide an understanding of the
activation of ammonia borane on carbocatalysts. The amount of
the introduced groups was modulated by employing materials
with different degrees of graphitization, as it has been shown
that the most reactive carbon sites are associated with vacancies,
which serve as the primary sites for functionalization.>*

Moreover, to further refine the results in terms of the
nature of the groups, two oxidising agents were selected (i.e.
H,0, and HNO;). Based on the combination of experimental
data and DFT calculations, the increase in the number of C-O
double bonds has a positive effect, with an increase in the
reaction yield by about one order of magnitude. The results of
this study provide insights into the activation of ammonia
borane and indicate a potential way for further optimization
of the catalyst. Indeed, this study aims to demonstrate the
possibility of decomposing this substrate into hydrogen with-
out the use of a metal, without claiming to be the most
effective catalyst. Nevertheless, to the best of our knowledge,
this is the first example of a metal-free catalyst for AB hydro-
lytic dehydrogenation.
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Experimental section

Materials and chemicals

Ammonia borane (NH3;BHj3, 90%), nitric acid (HNOs, 65%) and
hydrogen peroxide (H,O,, 30%) were purchased from Sigma-
Aldrich, while pyrolytically stripped carbon nanofibers, CNFs,
from Applied Science Company. Graphite was purchased from
Johnson Matthey and graphene nanoplates (GNP) from XG
Sciences Inc. (Lansing, MI, USA).

Catalyst synthesis

Carbon materials were functionalised by employing a previously
reported method.”® In this procedure, 1 g of selected carbon was
dispersed in 200 mL of the selected oxidising agent (HNO;z 65%
or H,0, 30% in water) in a 500 mL round bottom flask.

HNO; oxidation: the dispersion was stirred at 800 rpm for 6
hours at a temperature of 353 K, then the obtained catalyst was
filtered and washed with milliQ water until a neutral pH was
obtained. The solid was then dried in an oven at 353 K for 4 hours.
Herein, O-CNFs-HNO;, O-graphite and O-GNP were obtained.

H,0, oxidation: the dispersion was stirred at 800 rpm for 1
hour at room temperature. Also in this case, the material was
filtered and washed with milliQ water until a neutral pH was
obtained. The solid was then dried in an oven at 353 K for 4
hours. Herein, O-CNFs-H,0, was obtained.

Catalytic tests

The hydrolytic dehydrogenation of ammonia borane was per-
formed at a constant reaction temperature of 323 K, in a 27 mL
two-necked round bottom flask. The reaction conditions were
selected after optimisation. A temperature of 323 K produced
the best ratio between catalytic activity and environmentally
friendly conditions. H, evolution was monitored through the
Man on the Moon X104 kit, measuring the partial pressures of
the released product.”>>” The setup was equipped with an HCI
trap that can capture NH;. With this system, the pressure
observed is only due to the presence of H,, so the conversion
of AB observed is equal to the yield of H, produced. The
selected amount of catalyst (15 mg) was inserted in the reactor
with 5 mL of deionised water and heated at the selected
temperature. When the system reached equilibrium, 400 pL of
a 1 M AB solution was injected and stirred at 1400 rpm, starting
the reaction. The kinetic profiles were collected until the reaction
was completed, indicated by the pressure plateau, collecting
0.5 points per s. In order to confirm experimental reproduci-
bility, catalytic tests were repeated at least three times.

Characterisation

Raman spectroscopy was performed by employing a Horiba
LabRam HR Evolution micro-Raman spectrometer equipped
with a green solid-state laser (532 nm) focused through a 100x
objective, giving a spatial resolution of approximately 1 um. The
system was set with a 300 pm size hole and a 600 lines per mm
grating. The final laser power was about 0.05 mW. The calibra-
tion was performed by employing a silicon wafer and using a
520.7 cm™ " line. A hand-held power meter was used to measure

This journal is © the Owner Societies 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6cp01431c

Open Access Article. Published on 01 June 2026. Downloaded on 6/28/2026 4:42:45 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

the sample surface. The samples were scanned for 300 s,
performing two accumulations.

X-Ray photoelectron spectroscopy (XPS) measurements were
carried out with a Thermo Scientific K-alphat+ spectrometer.
The spectra were collected by using a monochromatic Al X-ray
source operating at 72 W, with the signal averaged over an oval-
shaped area of 600 x 400 um. Data were recorded at 150 eV for
survey scans and 40 eV for high-resolution (HR) scans with a
1 eV and 0.1 eV step size, respectively. CASAXPS (v2.3.17 PR1.1)
was used to analyse the XPS raw data.

Inductively coupled plasma optical emission spectroscopy
(ICP-OES) was performed by a PerkinElmer Optima 8000 emis-
sion spectrometer.

Computational details

Spin polarized density functional theory (DFT) calculations were
performed with the VASP code®® ®° using the generalized gradient
approximation, as implemented in the Perdew-Burke-Ernzerhof
(PBE) functional.®" Single point PBE0®*** calculations have been
performed to refine the electronic structure.®® This is typically a
reasonable choice to provide accurate results without the need to
perform computationally demanding geometry optimizations
with hybrid functionals. The valence electrons were expanded
on a set of plane waves with a kinetic energy cutoff of 400 eV, and
the core electrons were treated with the projector augmented
wave (PAW) approach.®>®® The threshold criteria for electronic
and ionic optimizations were set to 10™° eV and 1072 eV A™%,
respectively. The sampling of the reciprocal space was adapted to
provide converged results.

Previous studies by some of us on graphene nanosheets for
catalysis have deeply assessed the accuracy of computational
protocols, including the sampling of the k-point. In particular,
it has been demonstrated that for the working simulation cell, a
4 x 4 x 1 grid allows for reasonably converged results with
respect to 5 x 5 x 1 or denser grids.®” Dispersion forces have
been included according to Grimme’s D3 parametrization.®®

We simulated a graphene nanosheet obtained upon full
optimization of the unit cell and generation of a supercell.
The working lattice vectors are a = 9.870 A, b = 9.870 A, and y =
120°,°%7° considering the presence of a vacuum layer of 15 A to
avoid spurious effects due to interaction between periodic
replicas of the system along the nonperiodic direction. The
functionalities were created following previous works by some
of us.”®> We created a carbon vacancy and functionalized a
carbon atom with hydroxyl (C-OH), carbonyl (C=—O), and
carboxyl (COOH) groups. Also, the ether defect (C-O-C) was
modelled by putting the O atom in the empty carbon lattice
site. In each case, the atomic coordinates were fully relaxed.

The Gibbs energies were evaluated by adopting the ab initio
thermodynamic approach,”"”* by adding to the DFT energy the
contribution of zero-point energy correction and entropy terms
(Table S4). The first were calculated in a harmonic fashion. The
entropies of gas-phase species were taken from the interna-
tional tables, and the entropy of solid-state species was deter-
mined through the formalism of the partition function.” The
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Gibbs free energy profiles were determined under the following
reaction conditions: 7= 323 K and P = 1 atm.

Results and discussion

The role of different graphitisation degrees on the introduction
of oxygen functionalities was investigated in the ammonia
borane hydrolytic decomposition to hydrogen by employing
materials with different defect densities, ie. pyrolitically
stripped carbon nanofibers (CNFs), graphite and graphene
nanoplates (GNP). The use of carbonaceous materials with
different defectivity enables us to study the amount of the
introduced oxygen functional groups, as it has been shown
that the most reactive carbon sites are associated with vacan-
cies, which serve as the primary sites for functionalization.’*
The selected bare carbons were firstly modified by using HNO3,
a strong oxidising agent.

The physical properties of these materials pre- and post-
treatment are reported in Table S1. The oxidative treatments
increased surface functionalization in the presence of a high
number of defects, but did not significantly affect either the
structure and size or the grain shape.”* ICP-OES, Raman
spectroscopy and XPS were employed to understand the com-
position and fine structure of the different catalysts. ICP-OES
confirmed the metal-free nature of the materials selected,
confirming the absence of metal impurities.*"*> Then, we
evaluated possible modifications in the catalyst morphology
by Raman spectroscopy.”>”® Indeed, the defects in carbons can
be quantified by evaluating the intensity of their two character-
istic bands, one at around 1600 cm * (G band) and the other at
1350 cm ™' (D band).”® Their ratio (Ip/lg) describes the defect
density since the G band indicates the structurally ordered
graphitic domains, while the D band is symmetry forbidden
and only allowed when defects and substitutional heteroatoms
are present in the structure.””””®*® So, when the ratio between
the two bands increases, it is indicative of a defective material,
while a low Ip/I; value indicates a graphitic carbon with a small
number of defects. Table S1 reports the values of Ip/I; ratios,
showing that no substantial modification in the intrinsic
defects and in the addition of substitutional heteroatoms is
present after the functionalisation procedure, see also Fig. S1.
The survey XPS spectra were employed to quantify the relative
carbon and oxygen ratio (O/C, see Table S1 in the SI), showing
an increase in the oxygen content by increasing the number of
defects in the material. Indeed, CNFs have the most defective
material (Ip/Ig = 0.86 and O/C = 0.122) and after the functiona-
lisation process, the O-content increased to 0.181 for O-CNFs-
HNOj;. Considering graphite (Ip/Ig = 0.09 and O/C = 0.02), the
amount of oxygen only slightly increased to 0.07 for O-graphite,
while the O/C ratio of pristine and modified GNP remained the
same (O/C = 0.03).

From the high-resolution (HR) O1s and C1s spectra, we can
gain information about the type and quantity of the oxygen
functional groups introduced (Fig. S2 and Tables S2, $3).**%° In
particular, five peak regions, as identified in previous studies,
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O-CNFs-H,0, O-CNFs-HNO,; O-Graphite O-GNP

Fig. 1 Type and quantity of oxygen-based functional groups for different
carbocatalysts obtained from the analysis of the HR-XPS Ols spectrum
and normalised for the O/C content.

were found in the O1s core levels.®! Starting from low binding
energies (BE), the peak between 531.1 and 531.8 eV can be
assigned to carbon-oxygen double bonds (C—O0), followed by
those in the 532.0-533.0 eV region due to carboxylic groups
(COOH). The carbon-oxygen single bonds, like ether, can be
found in the BE region 532.4-532.7 eV. Hydroxyl groups came
next within 533.3 and 533.6 eV. A broad peak near 535.2 eV can
be ascribed to residual adsorbed water on the catalyst’s surface.
Fig. 1 shows the nature and quantity of the different O-
functional groups present on the surface of the catalysts. Their
amount was obtained from the HR-XPS O1s spectrum (Table
S3) and normalised for the O/C content (Table S1). After
treating CNFs with HNOj;, carbonyl and carboxyl groups
increased from 3.21% (C=—0) and 3.91% (COOH) before oxida-
tion to 6.49% (C—O0) and 7.62% (COOH), as expected. On the
other hand, ether-like and hydroxyl groups notably diminished
from 1.56% to 0.79% (C-OH) and from 2.38% to 1.33%
(C-0-C), respectively. These results are consistent with pre-
vious works.*® Because of the scarcity of defectivity on graphite
and GNP, the oxygen content remains low also after the treat-
ment with a strong oxidising agent. For graphite, the amounts
of ether-like and hydroxyl groups are found to be 1.45% and
0.61%, respectively. The majority of the groups inserted contain
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CO double bonds, i.e. C—0 = 1.69% and COOH = 2.70%. A
similar scenario was observed on GNP, where C-O-C and C-OH
groups represent 0.65% and 0.32%, while C=0 and COOH
represent 0.79% and 0.90%, respectively.

In order to further refine the results in terms of the nature of
the oxygen functionalities introduced, a mild oxidising agent
was also employed on CNFs, i.e. hydrogen peroxide (H,0,). Due
to the negligible oxygen incorporation observed in GNP and
graphite compared to CNFs, the treatment with H,O, was
restricted to CNFs, in order to ensure statistically meaningful
and detectable differences. Indeed, it is well known that the use
of a strong oxidising agent, such as nitric acid (HNOj3), can
preferentially introduce groups containing carbon-oxygen dou-
ble bonds, i.e. carbonyl and carboxyl (C—0 and HO-C=0).%>"%¢
On the other hand, a compound with a milder oxidation
strength, such as H,0,, can promote the formation of C-O
bonds, and in particular hydroxy and ether groups.®”

Hydrogen peroxide treatment increased the O/C ratio to
0.141, corresponding to an intermediate degree of surface
oxidation between bare CNFs and HNO;-treated CNFs: CNFs
(0/C = 0.122) < O-CNFs-H,0, (O/C = 0.141) < O-CNFs-HNO;
(O/C = 0.181). This progressive increase reflects the oxidizing
strength of the treatment, with stronger oxidants promoting
more extensive surface oxidation through the generation of
defect sites and the incorporation of oxygen-containing func-
tional groups. Fig. 2 shows the HR O1s spectra of the materials
with the highest oxygen content. As expected, after H,O,
treatment, ether-like and hydroxyl groups increased from
2.38% (C-0-C) and 1.56% (C-OH) before oxidation to 3.26%
(C-0-C) and 2.29% (C-OH). The same trend was observed for
carbonyl (CNFs: 3.21% and O-CNFs-H,0,:3.76%) and carboxyl
(CNFs: 3.91% and O-CNFs-H,0,:4.76%) groups, as previously
reported.**Once the relative amount of oxygen functionalities
on carbocatalysts was investigated, we performed the ammonia
borane decomposition reaction in a batch reactor under mild
reaction conditions (323 K and 1 atm). H, evolution was mon-
itored through the Man on the Moon X104 kit, measuring the
partial pressures of the released product. The kinetic profiles
were collected until the reaction was completed, indicated by a
pressure plateau. Fig. 3 reports the time evolution of AB hydro-
Iytic decomposition. O-CNFs-HNO; provides the highest H,

CNFs—H,0, = imensiy
1——cooH F
\ ——cC-0-C /0

\ ~1——C-OH f ]
' —hO /A A

Envelope \

CNFs — HNO,
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Fig. 2 High resolution analysis of the Ols region of bare and oxidised carbon nanofibers.
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Fig. 3 Kinetic profiles of the active carbocatalysts for ammonia borane
decomposition. All tests were performed at least three times at 323 K and
1400 rpm using a 7.4 x 1072 M AB solution. The error bars were calculated
as +2.5% of nH,.

production at the end of the reaction (after 180 min of reaction),
4.57 x 10~" mmol. The H, produced by O-CNFs-H,0, is about
halved, 2.02 x 10" mmol. Bare CNFs showed a very low activity
in ammonia borane decomposition, about one order of magni-
tude lower than O-CNFs-HNO;, 5.7 x 10”2 mmol. The activity of
functionalised graphite (O-Graphite) was almost negligible: 0.9 x
10~ mmol, while bare graphite, GNP and O-GNP were consid-
ered inactive. Indeed, the oxygen content reported in Table S1 is
correlated with enhanced H, production: O/C content increased
in the order graphite (O/C = 0.02, nH, at 180’ = 0 mmol) = GNP
(O/C = 0.03, nH, at 180’ = 0 mmol) = O-GNP (O/C = 0.03, nH, at
180" = 0 mmol) < O-Graphite (O/C = 0.07, nH, at 180’ = 0.9 x
10> mmol) < CNFs (O/C =0.122, nH, at 180’ = 5.7 x 10~> mmol)
< O-CNFs-H,0, (O/C =0.141, nH, at 180’ =2.02 x 10~ " mmol) <
O-CNFs-HNOj; (O/C = 0.181, nH, at 180’ = 4.57 x 10~ ' mmol)
indicating the prominent role of the oxygen quantity on the
catalyst properties. It is worth noting that, even for the most
active catalyst (O-CNFs-HNOj;), the incomplete H, release
observed may be attributed to the progressive accumulation of
borate/polyborate species formed during AB hydrolysis. These by-
products can adsorb onto the catalyst surface, partially blocking
the active sites and slowing down the reaction kinetics, thereby
preventing complete AB conversion within the investigated reac-
tion time.**°° Moreover, the nature of the O-functional group
seems to be critical.

The increased activity in the presence of carbonyl and
carboxyl oxygen functionalities was previously observed by
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some of us*’ in the hydrazine hydrate dehydrogenation reac-
tion. In this work, the same groups are the most active in
decomposing the ammonia borane substrate. These results let
us assume that, also in this case, these groups can play a key
role in the ammonia borane dehydrogenation reaction. Obser-
ving the speciation of the functionalities of the best performing
material, O-CNFs-HNOj3, and comparing them with other cata-
lysts, groups containing a C-O double bond are crucial in
decomposing ammonia borane to hydrogen.

Indeed, the higher the contribution of C=0O and COOH
groups, the higher the H, production. In the case of O-CNFs-
HNOj; (C=O0 = 6.49% and COOH = 7.62%), the moles of H,
produced are 8 times higher than bare CNFs (C—=0 = 3.21%
and COOH = 3.91%). O-CNFs-H,0, shows an intermediate
behaviour in terms of activity and C—O/COOH content,
3.76% and 4.76%, respectively. The activity of the remaining
carbocatalysts is negligible, in line with their oxygen content.
Table 1 summarizes the relationship between H, production
and the nature and quantity of oxygen functional groups.

Quantum chemical calculations were employed to gain
insight into the role of different oxygen functionalities (i.e.
-OH, C-0O-C, C=0 and HO-C=O0) in activating the B-N bond
in ammonia borane. We modelled activation of AB on different
model catalysts reported in Fig. 4, which contain the oxygen
functionalities reported above. The calculated Gibbs free energy
of the total decomposition of ammonia borane to hydrogen is
negative, —0.69 eV, indicating that the reaction is exergonic at
atmospheric pressure and 7' = 323 K. The modelling of the full
reaction pathway for the decomposition of ammonia borane is
extremely complex due to the very large number of possible
reaction intermediates that can form.”* For this reason, we
restrict this analysis to the activation of ammonia borane on
the model catalysts (Fig. 4). It should be emphasised that,
although water is intrinsically involved in the hydrolytic decom-
position of ammonia borane and may participate in proton-
transfer and hydrogen-evolution steps, the aim of the present
study was to elucidate the role of the different oxygen-containing
surface functionalities in the activation of the ammonia borane
molecule. Accordingly, the computational analysis was restricted
to the elementary steps associated with B-N bond cleavage on the
model catalytic surfaces, which is expected to represent a key step
in the overall hydrolytic decomposition pathway. The calculated
Gibbs free energies for ammonia borane activation of different
models are reported in Table S4.

Additional calculations, including implicit solvation effects,
were performed to estimate the role of the aqueous environ-
ment. Although the solvent affects the stability of some

Table 1 H, yield and nature and quantity of oxygen functional groups for the different carbocatalysts

Sample name nH, at 180’/mmol x 102 C-0-C/% C-OH/% COOH/% C=0/%
CNFs 5.69 2.38 1.56 3.91 3.21
O-CNFs-H,0, 20.2 3.26 2.29 4.76 3.76
O-CNs-HNO; 45.7 1.33 0.79 7.62 6.a49
O-Graphite 0.86 1.45 0.61 2.70 1.69
O-GNP — 0.65 0.32 0.90 0.79

This journal is © the Owner Societies 2026
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Fig. 4 Different oxygen functionalities investigated in this work: hydroxyl
(a), ether (b), carbonyl (c) and carboxyl (d) functional groups.

intermediates, the overall mechanistic picture and the relative
reactivity of the different oxygen functionalities remain essen-
tially unchanged (Fig. S4 and Table S5). A more complete
description of water effects would require explicit solvent
molecules and dynamical simulations,”® which are beyond
the scope of the present study.

Previous works suggested that ammonia borane can be
activated in several possible different ways:*>* in this work,
we explored three possible pathways, all involving the cleavage
of the B-N bond. In the first case, NH;BH; is adsorbed on the
catalyst according to the following reaction:

Pathway a: NH;BH; + * — NH;* + BH,* (2)

The cleavage of the B-N bond leads to two adsorbates on the
catalytic surface, NH3*, BH;*. Alternatively, in some cases we

1.5
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found a solution where one B-H bond is broken, forming BH,*
BH,* and an adsorbed hydrogen atom H*.

Pathway b: NH;BH; + * — NH;* + BH,* + H*  (3)

A third possible picture consists of breaking the B-N bond,
releasing the ammonium ion in solution, and leaving a boron
hydride adduct adsorbed on the surface, [BH,] *:

Pathway ¢: NH3BH; + * > NH, (o) + [BHz] *  (4)

For each surface functionality, all plausible activation path-
ways were initially explored; however, only the distinct and
computationally stable pathways are discussed below, since
several initial configurations converged to identical minima
during geometry optimisation. We start from the hydroxyl
(-OH, Fig. 4a) and ether (C-O-C, Fig. 4b) functionalities, which
are those dominant in the carbocatalyst obtained via H,O,
treatment. In the case of hydroxyl groups, ammonia borane
activation via B-N bond breaking can occur with the release of
ammonium ion in solution (eqn (4)), or with the formation of
NH;* and BH3* absorbed on the surface (eqn (2)). As it can be
seen in Fig. S3, the most stable pathway for the activation
involves the breaking of ammonia borane bonds releasing
ammonium ions in solution, with a Gibbs free energy of the
process equal to —0.20 eV, which is substantially lower than the
same value (0.99 eV) for a process involving the formation of
both NH;* and BH3* on the surface. The picture shown in eqn (3)
is not possible for this catalyst. Therefore, the results suggest
that the hydroxyl functionality preferentially activates ammonia
borane and forms NH,"(oq) + [BH,] *.

Moving to the ether group, the only possible pathway is that
reported in eqn (4), where ammonium is released in solution,
leaving the boron hydride adduct on the surface. The Gibbs free
energy is nearly unchanged with respect to the previous model,
—0.22 eV, Fig. S3. This result indicates that hydroxyl and ether
groups are expected to have a comparable reactivity.

The carbonyl (C=O0, Fig. 4c) and carboxyl (COOH, Fig. 4d)
functional groups are the most interesting ones. Indeed, all

1.0
0.5

> 0.0
(]

~-05
O
N -1.0

-1.5
-2.0

-2.5

Fig. 5 Gibbs free energy of ammonia borane activation for each functional group. For each system the most stable adsorption pathway is reported; it

always corresponds to the pathway reported in eqn (4).
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three pathways are possible, Fig. S3, but the most favourable
one always proceeds via the release of NH, and formation of
the boron hydride adduct on the surface (eqn (4)). Interestingly,
the Gibbs free energies of the process are —1.84 eV for carbonyl
and —1.27 eV for the carboxyl groups, substantially more
negative than those of hydroxyl (—0.20 eV) and ether groups
(—0.22 eV). Based on these results, quantum chemical calcula-
tions suggest that C-O double bonds are more prone to activate
the ammonia borane decomposition reaction than single C-O
ones, as reported in Fig. 5, in line with the experimental
observation. Indeed, for the carbonyl and carboxyl functional-
ities, a significant elongation of the C-O bond is observed upon
interaction with ammonia borane, amounting to 0.13 A for
C—O0 and 0.09 A for COOH. This behaviour is consistent with
the stronger interaction of the carbonyl-containing functional-
ities with respect to hydroxyl groups. In contrast, the C-OH
functionality, which interacts only weakly with NH;BH;, does
not exhibit any significant variation in the bond length (0.01 A).
The situation is more complex for the C-O-C functionality,
since structural reconstruction occurs upon interaction with
ammonia borane, leading to cleavage of one C-O bond and
formation of a dangling bond that can interact with the BH,
moiety. The values of the C-O bond lengths before and after
ammonia borane adsorption are reported in Table S6. Further-
more, in all cases, the preferred thermodynamic path releases
ammonium ions in solution, leaving the boron hydride adduct
on the surface (eqn (4)). This indicates that hydrogen will evolve
from the addition of water to the boron hydride adsorbate.
Further work will be dedicated in the near future to further
elucidate the way hydrogen is released upon the addition of
water to the boron hydride adsorbate.

Conclusions

In this work, we performed a joint experimental and computa-
tional study to investigate the role of different oxygen function-
alities of carbocatalysts in hydrolytic ammonia borane
decomposition to hydrogen. Carbonaceous materials with dif-
ferent defect densities were treated with a strong oxidising
agent (HNO3) to investigate the effect of the amount of oxygen
introduced, i.e. CNFs, graphite and GNP. Raman and XPS
spectroscopy were employed to characterize the nature and
quantity of the different functional groups. The scarcity of
defectivity of GNP and graphite results in a negligible final
oxygen content. In fact, the most reactive carbon sites are
associated with vacancies, which serve as the primary sites
for functionalization. A different scenario presents for CNFs,
where the O/C increased from 0.122 for bare CNFs to 0.181 for
O-CNFs-HNO;. In order to further refine the results in terms of
the nature of the oxygen functionalities introduced, a mild
oxidising agent was also employed on CNFs, ie. hydrogen
peroxide (H,0,). When a mild oxidising agent, such as hydro-
gen peroxide is employed, the content of single C-O species,
such as hydroxyl and ether groups, is increased from 1.56% and
2.38%, respectively, for the bare CNFs to 2.29% and 3.26%,
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respectively, for O-CNFs-H,0,. In contrast, the use of a stronger
oxidising agent, i.e. nitric acid, increases carbon-oxygen double
bond content (C—O0 and COOH). This resulted in an increase in
the H, production when carbonyl and carboxyl are present,
reaching 4.57 x 10! mmol, about 8 times higher than the bare
CNFs. Quantum chemical density functional theory calcula-
tions were used to obtain some atomistic insight into the
activation of ammonia borane and to assess the effect of oxygen
functionalities on B-N bond activation. Calculations suggest
that C-O double bonds are more prone to activate the ammonia
borane hydrolytic dehydrogenation than single C-O ones, in
line with the experimental observation. In all cases, the preferred
activation path releases ammonium ions in solution, leaving a
boron hydride adduct on the surface. The release of hydrogen is
expected to take place from the addition of water to the adduct.
Further investigations will therefore focus on elucidating the
explicit role of water in the reaction mechanism and on achiev-
ing a more comprehensive understanding of the elementary
steps governing ammonia borane hydrolytic decomposition,
with the aim of further optimising catalyst performance.
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