
Full Length Article

Understanding the interfacial changes of PtCo3O4 catalysts during the 
dehydrogenation of ammonia borane

Silvio Bellomi a , Daniel C. Cano-Blanco b,c , Yaning Han d, Juan J. Delgado d,  
Xiaowei Chen d , Kirill A. Lomachenko f, Ilaria Barlocco a, Davide Ferri b , Alberto Roldan e,  
Alberto Villa a,*
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A B S T R A C T

The redox properties of oxides are critical in catalysis and can be modified at the interface between oxides and 
metals; as a consequence, working catalysts can be reconstructed. Herein, the influence of metal-support in-
teractions on the interface between Pt and Co3O4 was disclosed during the batch ammonia borane decomposi-
tion. Co3O4 with and without decorating Pt were compared, and tested against Pt on a non-reducible oxide 
(PtAl2O3). The kinetic profiles were analysed using kinetic models, and both fresh and used samples were 
characterised using XRD, XPS, XAS, HR-TEM, CO adsorption by IR, and in situ ATR-IR. The combined study 
revealed an enhanced reaction rate for PtCo3O4 and its reconstruction under reaction conditions due to metal- 
support interaction, and disclosed the nature of the stable active sites formed under reaction conditions. 
Indeed, during the reaction, metallic Pt re-distributed, and the H-spillover to the support reduced the surface of 
Co3O4, leading to Pt clusters on Co(II)-enriched Co3O4. Atomic-scale insights on the surface redox properties of 
the catalysts were then obtained through DFT, and the modification of PtCo3O4 was attributed to the facile 
reduction of octahedral Co(III) ions at the metal/oxide interface, and rationalised as a consequence of charge 
transfer from Pt to Co3O4.

1. Introduction

The properties of solid surfaces are the result of an ensemble of ions 
and oxidation states [1,2]. For instance, the redox character of metal 
oxides is essential in determining their activity in catalysis, and the 
deposit of dopants, i.e. metal nanoparticles, induces substantial modi-
fication, deeply influencing the catalytic performance [3–6]. The pro-
found impact of metal-oxide interfaces on the performance of catalysts 
was demonstrated for several chemical reactions performed in the gas 
phase, including CO oxidation [7,8], steam reforming [9], and alcohol 
oxidation [10]. These interfaces were also found to be beneficial in 
liquid-phase dehydrogenation reactions, chemical processes of utmost 
interest to the actual scientific community, including formic acid [11], 

hydrazine [12–14], and ammonia borane [15–17].
In this context, ammonia borane is one of the most widely investi-

gated hydrogen vectors, due to its high hydrogen capacity (19.6 wt%) 
and controlled release of H2 under mild conditions, Eq. (1) [18–22]. 

NH3BH3 +2H2O→NH4BO2 +3H2 (1) 

For this reaction, the combination of Pt and Co3O4 is recognised as 
optimal, and the catalysts demonstrated excellent activity and stability 
due to the peculiar metal-oxide interface, which induces a dual-function 
interfacial mechanism [17,23–25]. The Pt sites effectively promote 
dehydrogenation, leading the H adatoms to diffuse and spill onto the 
reducible Co3O4 [3,26–28]. The reducible oxide establishes a steady 
state between generating oxygen vacancies and replenishing them 
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through water dissociation. Hydrogen adatoms recombine and evolve as 
H2 at the metal-oxide interface [25].

Atomic-level resolution of the ammonia borane decomposition and 
the nature of the active sites is not trivial on the spinel structure of 
Co3O4, as its surface exposes octahedral Co(III) and tetrahedral Co(II) 
ions. To this end, information on the catalytic active sites can be indi-
rectly obtained by applying kinetic models to the hydrogen evolution 
profiles. The kinetic theory of Finke-Watzky (FW) describes the struc-
tural transformations that a catalyst undergoes during processes 
involving the production/consumption of hydrogen [29]. The method 
was initially developed to describe the nucleation and growth of clusters 
in solution in the presence of H2 [29–31]. If the rate of the probe reaction 
is sufficiently high, sigmoidal-shaped H2 evolution profiles are obtained, 
which allow an indirect quantitative determination of structural 
changes [16,17,29]. Over the years, the FW model was also applied to 
metal nanoparticles supported on transition metal oxides [15,17], and 
the general scheme was extended to describe the transformation of a 
pre-catalyst under reducing conditions [29–31]. Successful examples of 
the application of the FW model to kinetic profiles were also reported for 
the ammonia borane dehydrogenation on supported catalysts, including 
PtCo3O4 [15–17,25]. However, the reactive role of the metal/oxide 
interface during the ammonia borane dehydrogenation and the modi-
fications induced on the materials by the substrate have never been 
clarified in detail.

This work provides insights into the behaviour of the metal/oxide 
interface between dispersed Pt and Co3O4 during the ammonia borane 
dehydrogenation, the restructuring occurring in-situ, and the nature of 
the active sites. PtCo3O4 was tested and compared to the pristine oxide 
and a non-reducible oxide (PtAl2O3) [32,33]. The analysis of the cata-
lytic profiles with kinetic models, a thorough catalyst characterisation, 
and atomistic modelling based on density functional theory provided 
key insights into the surface redox properties. Uniquely due to MSIs, the 
entire metal/oxide interface is restructured by the reactive interaction 
with ammonia borane due to H spillover, and the highly active and 
stable phase on PtCo3O4 is formed – Pt clusters on Co(II)-enriched 
Co3O4.

2. Methods

2.1. Materials

Ammonia borane (AB, 90 %), cobalt (II) nitrate hexahydrate (Co 
(NO3)2⋅6H2O, 98 %), sodium carbonate (Na2CO3, ≥98 %) and Pt (II) 
chloride (H2PtCl6, 99.999 %) were obtained from Sigma-Aldrich and 
used without further purification.

2.2. Catalyst synthesis

Co3O4 was prepared by a rate-controlled co-precipitation method 
with a Na2CO3 as previously reported [34]. In a typical preparation, the 
nitrate precursor, Co(NO3)2⋅6H2O, was dissolved in the desired volume 
of Milli-Q water (50 mL/g catalyst) and stirred at 800 rpm for 30 min. 
Na2CO3 (1 M) was added with a peristaltic pump at a rate of 2 mL/min 
until pH = 8.5 was reached, which was monitored continuously with an 
immersion pH electrode. The precipitate was aged at room temperature 
for 3 h, then washed with hot purified water. The precipitate was dried 
at 373 K overnight and calcined in a muffle furnace at 773 K (2 K/min) 
for 4 h, providing the sample labelled as Co3O4. The desired amount of 
Pt (H2PtCl6) was deposited by incipient wetness impregnation to achieve 
a metal loading of 1 wt%, and then calcined at 773 K (2 K/min) for 4 h to 
favour the metal redispersion and enhance the metal-support in-
teractions, labelled as PtCo3O4. A similar procedure was employed to 
synthesise the PtAl2O3 used as a reference, which was previously re-
ported elsewhere [33].

2.3. Catalytic activity

The hydrolytic dehydrogenation of ammonia borane (AB) was per-
formed in a 27 mL two-necked round-bottom flask at a constant reaction 
temperature of 303 K. H2 evolution was monitored by measuring the 
partial pressures of the released product using the Man On The Moon 
X104 kit [35,36]. Typically, the catalyst (AB/Pt molar ratio 500/1) was 
added to the reactor containing 5.0 mL of distilled water and heated to 
the desired temperature. Finally, 0.25 mmol of AB was injected into the 
final mixture under stirring (1400 rpm). The kinetic profiles were 
collected with a 2 Hz frequency (0.5 point/s) until reaction completion, 
which was indicated by a pressure plateau. All the tests were performed 
three times to ensure experimental reproducibility and assess mea-
surement uncertainty.

2.4. Characterization

X-ray diffraction patterns were collected on a D8 ADVANCE 
diffractometer (Bruker) using Cu Kα1 radiation (λ = 1.5406 Å). Data 
were recorded from 20◦ to 70◦ 2θ at a step size of 0.02◦/s.

High-angle annular dark-field scanning transmission electron mi-
croscopy (HAADF-STEM) characterization of the samples was conducted 
using a TEM/STEM FEI Talos F200X G2 microscope (Thermo Fisher 
Scientific, Waltham, MA, USA). This advanced equipment enables the 
acquisition of HAADF-STEM images and Energy-dispersive X-ray spec-
troscopy (XEDS) maps using its 4 Super-X SDDs. HAADF-STEM is an 
atomic number-sensitive technique that allows the identification of 
small nanoparticles of elements with high atomic numbers, such as Pt, 
on the surface of nanoparticles with lower atomic numbers, like Co. 
Elemental maps were obtained with a beam current of approximately 90 
pA and a dwell time of 75 μs.

Co K-edge XAS data were collected at the BM23 beamline of the 
European Synchrotron Radiation Facility (ESRF) [37]. The storage ring 
was operating in the uniform mode with 200 mA current. The beam was 
monochromatized by a fixed-exit double-crystal monochromator (Si111 
crystals) designed in the ESRF. Higher harmonics were removed by a 
pair of flat Si mirrors positioned at 3 mrad. The measurements were 
conducted in transmission geometry using continuous scanning mode. 
Incident and transmitted X-rays were detected by gas-filled ionization 
chambers. X-ray absorption near edge structure (XANES) processing and 
extended X-ray absorption fine structure (EXAFS) analysis were per-
formed using the Athena and Artemis software from the Demeter suite 
[38]. Data fitting of the EXAFS function of the Co–K edge in R space 
between 1 and 3.5 Å, and k-range of 3–14 Å− 1, using cobalt-oxygen 
(Co–O), cobalt-cobalt octahedral (Co-Co(Oh)), cobalt-cobalt tetrahe-
dral (Co–Co(Td)) scattering paths. The amplitude factor of the EXAFS 
equation (S0

2 = 0.736) was obtained from the fit of a Co reference and 
fixed for all the samples.

In situ diffuse reflectance infrared Fourier transform (DRIFT) spectra 
of CO adsorption were obtained using a Vertex 80 spectrometer (Bruker) 
equipped with a mercury cadmium telluride (MCT) detector. Typically, 
the solid sample was first positioned on the top of several stacked 
stainless steel meshes in a high-temperature reaction cell (Harrick) fitted 
with KBr windows, and then this DRIFT cell was installed inside the 
Praying Mantis (Harrick), which is located in the sample compartment 
of the spectrometer. The temperature of the catalyst was maintained at 
308 K and pure He was continuously purged through the bottom of the 
catalyst bed for 60 min to remove the adsorbed water. In addition, a cold 
trap of a mixture of liquid nitrogen and 2-propanol at 184 K was used to 
eliminate water present in the gas line before entering the DRIFTS cell. 
After that, a mixture of 1 vol% CO/He was introduced into the reaction 
cell with a total flow rate of 100 mL/min, and the spectra were collected 
at different times within 20 min. Finally, the pure He was introduced 
again for 20 min to remove the gas phase and weakly adsorbed CO. 
Before the measurement, the reference spectrum without sample was 
recorded at room temperature using an aluminum foil. DRIFT spectra 

S. Bellomi et al.                                                                                                                                                                                                                                 Applied Surface Science 711 (2025) 164116 

2 



were recorded with 64 scans, ranging from 4000 to 600 cm− 1 with a 
resolution of 4 cm− 1.

In situ infrared spectroscopy experiments in attenuated total reflec-
tion mode (ATR-IR) were performed using a Vertex v70 (Bruker) spec-
trometer equipped with a liquid-nitrogen-cooled MCT detector, a mirror 
unit and a homemade cell [39]. The parallelogram ZnSe prism (45◦, 34 
mm × 20 mm × 2 mm; Crystran Ltd.) was coated with a powder layer 
obtained from the evaporation of an aqueous slurry of the catalyst (5 
mg/mL H2O). Solutions and neat solvents were provided from inde-
pendent glass bottles at a flow rate of 0.3 mL min− 1 using a peristaltic 
pump (Reglo 100, Ismatec). A 4-ports valve (Cheminert, VICI) enabled 
fast switching between two different solutions at the cell inlet. The 
switch system was synchronised to the spectra acquisition using the 
OPUS software (Bruker). The experiments were carried out in flow to 
increase the control over the reactive environment, preventing the 
accumulation of surface species [40,41]. In a typical procedure, the 
solutions were degassed in bubbling Ar for 30 min. After mounting the 
coated crystal in the cell body, the temperature was adjusted to 303 K 
while equilibrating the catalyst layer in H2O for 30 min. At this point, a 
background spectrum was collected, followed by a 30-min equilibration 
in the presence of the AB solution (5 mM). Finally, a modulated exci-
tation (ME) experiment was started that consisted of the admittance of 
the first solution into the cell for 125 s, followed by the switch to the 
second solution for the same amount of time (modulation period, 250 s), 
a sequence that was repeated ten times. Spectra were collected contin-
uously by averaging 10 scans at a scanner velocity of 80 kHz and a 
spectral resolution of 4 cm− 1, resulting in a time resolution of 1.25 s/ 
spectrum. Only the periods at the quasi-stationary regime were averaged 
to improve the S/N ratio, and signal enhancement was achieved by 
phase-sensitive detection (PSD) analysis using a Matlab script that 
provides phase-domain spectra [42].

2.5. Computational methods

Spin-polarized periodic plane-wave DFT calculations were carried 
out using the Vienna Ab-initio Simulation Package (VASP) [43]. Pro-
jected augmented wave potentials with PBE functionals were employed, 
using a cutoff to the kinetic energy of 400 eV for the expansion of the 
plane-wave basis set [44,45]. The optimisation thresholds for electronic 
energies and ionic forces relaxation were 10− 5 eV and 0.01 eV/Å, 
respectively. The Brillouin zone was sampled using a 8 × 8 × 8 Γ-centred 
k-point mesh generated through the Monkhorst–Pack method, mini-
mising any Pulay stress [46]. The localisation and strong on-site 
Coulomb repulsion of Co 3d-states was addressed using DFT + U in 
the rotationally invariant Dudarev scheme [47] with the Hubbard 
parameter of 3.3 eV [48,49]. Ionic positions, lattice parameters, and 
electronic structure of the bulk systems were analysed to validate the 
accuracy of the computational setup employed (Fig. S1 and Table S1). 
We employed the Atomic Simulation Environment (ASE) to generate the 
Co3O4 (110) slab model from the optimised bulk system (ICSD-36256) 
[50]. The (110) crystal face was reported experimentally and proven 
effective in reproducing the redox properties of Co3O4 and in different 
catalytic processes [51–53]. Two types of surface terminations are 
possible for the Co3O4 (110) spinel surface [53]. In agreement with 
previous reports, the Co3O4 (110) employed exposes two fourfold co-
ordinated (CoOct) cations in octahedral sites, two twofold coordinated 
(O2c) and two threefold coordinated (O3c) oxygen sites in the outermost 
surface [53,54]. The O2c anions are bonded to one fourfold coordinated 
cation (CoTd) and one CoOh cation, whereas O3c has three CoOh nearest 
neighbours. Non-stoichiometric slab terminations correct the unphysical 
dipole moment perpendicular to the surface and converge the surface 
properties [55,56]. We employed a 7-atomic-layer slab, in which atoms 
in the central layer were fixed to the bulk positions while fully relaxing 
the other six layers, three for each side of the slab [52,53]. A vacuum of 
16 Å was created along the z-axis to form the surfaces and avoid any 
interaction between adjacent images. The convergence criteria were 

kept the same as in the bulk calculations, yet the k-points adapted to a 2 
× 2 × 1 grid. Binding energies (Eb) were calculated using Eq. (2). Where 
EA and EB are the energies of the isolated species, while EAB refers to the 
combined system. 

Eb = EAB-EA-EB (2) 

2.5.1. Optimization of PtCo3O4
A metal-cluster model simulating the experimentally observed size is 

prohibitively expensive to compute using electronic structure methods. 
Nonetheless, simplified computational models complement experiments 
with atomic-level insights. Considering the large number of atoms pre-
sent in the structures, a Pt8 cluster was employed to compromise the 
representativeness and computational effort of the models [13,57]. The 
current choice for eight atoms in the cluster is pragmatic. It is based on a 
large enough atomic population to resemble the local atomic environ-
ment of a metal nanoparticle and capture the metal-support interaction 
realistically, but with a size small enough to allow an extensive mapping 
of energy and morphology among its configurations. An unbiased ge-
netic algorithm (GA) generated about 200 structures, which were 
evaluated using spin-polarized DFT + U energies (GA-sDFT + U). This 
methodology provided a putative global minimum of the clusters sup-
ported on the Co3O4 (110) slab. The GA involved a pool of 8 members 
with crossover and mutation operations procedures within a random-
isation and displacement operators framework. The initial pool mem-
bers were randomly generated with a cluster-to-surface height of 2.0 Å. 
A mutation rate of 10 % was employed to guarantee the generational 
variety among the structures [58].

The energy of all these structures was determined using a soft opti-
misation protocol in VASP, i.e., thresholds for electronic and ionic 
relaxation energies, respectively, of 10− 4 eV and 10− 3 eV, evaluated at 
the Γ-point and with frozen supports. An increased number of initial 
non-self-consistent steps and linear mixing involving the metal d-or-
bitals improved the wavefunction convergence. The Brillouin-zone 
evaluation was eased using the Gaussian method with a smearing 
width of 0.05 eV [59]. The putative global minimum of Pt8 was then re- 
optimised at an electronic and ionic relaxation forces threshold of 10− 5 

eV and 0.02 eV/Å, using a k-points grid of 2 × 2 × 1. On the slab models, 
the thermodynamic energy barrier for the formation of an oxygen va-
cancy (Ef(O)) was calculated as the difference between the total energy 
of defective (Edef) and pristine (Ep) surfaces, using 1/2 of the O2 mole-
cule energy in the gas phase as reference, Eq. (3). In all cases, after the 
introduction of the surface defect, the uppermost slab layers were 
allowed to relax, as well as the metal cluster, if present. 

Ef(O) = Edef-Ep +
1
2

E(O2) (3) 

3. Results and discussion

3.1. Catalytic activity

Metal/oxide interfaces modify the local properties of oxide surfaces 
via metal support interactions (MSIs) [3]. Here, cobalt oxide (Co3O4) 
was impregnated with 1 wt% of Pt (PtCo3O4), and the performance for 
the ammonia borane hydrolysis compared to that of the bare Co3O4 
(reducible oxide) and a PtAl2O3 (non-reducible oxide) catalyst to 
disclose the role of MSIs. As shown in Fig. 1a, the reaction on PtAl2O3 
started immediately and plateaued in 20 min, i.e. reaction completion. 
Differently, on PtCo3O4 the hydrogen evolution followed a sigmoidal 
shape. After a short time of about 1 min (induction period), the 
hydrogen generation abruptly increased, and the reaction was 
completed in 5 min. On both materials, a comparable number of 
hydrogen moles was obtained, respectively 0.76 and 0.78 mmol for Pt on 
Al2O3 and Co3O4, and close to the theoretical value of 0.81 mmol, 
confirming the mechanism of hydrolytic dehydrogenation [17,25]. The 
catalytic activity was calculated by taking the slope of the profiles at 50 
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% of the overall hydrogen production, i.e., regime of linear evolution, 
therefore excluding any induction time from the calculation (Section 
S1.1) [17]. Compared to PtAl2O3 (199 min− 1), Pt dispersed on Co3O4 
exhibited a fourfold activity value (804 min− 1), clearly indicating that 
the redox properties of the oxides and MSIs influence the reaction rate 
and the catalyst performance.

The induction time observed during the hydrogen evolution on 
PtCo3O4 could indicate the occurrence of structural changes during the 
reaction [29–31]. Hence, to confirm that, the profiles were analysed via 
a Finke-Watzky kinetic model, a scheme used to describe the trans-
formation of a meta-stable catalyst state A to a state B, under reducing 
conditions [17,29,31]. In good agreement with the literature [29,60], 
the profile of PtCo3O4 was well fit (Fig. 1b, Section S1.2 for the detailed 
method, results of the fit and a discussion of the model), supporting a 
correlation between the sigmoidal profile of PtCo3O4 and modifications 
of the oxide properties by Pt deposition [29,60]. To explore whether 
further changes can be induced by exposure to the AB solution, a second 
reaction run was performed on the same portion of the catalysts. Fig. 1c 
shows the results for PtCo3O4. The disappearance of the firstly observed 
induction period, and the comparable catalytic activity values (804–825 
min− 1, Fig. S2), were taken as evidence of the stability of the in-situ 
formed active phase. On the other hand, the absence of differences in the 
profiles of PtAl2O3 excluded any significant modification of the material 
induced by the reaction, Fig. S3.

Lastly, the role of Pt in determining such transformations was 
highlighted through the comparison of bare and Pt-modified Co3O4, 
Fig. 1d. Here, no notable difference in the profiles was observed between 
the subsequent runs, and none of the kinetics of Co3O4 was well fit with 
the FW model (Fig. S4). These results suggested that no change occurred 
in the presence of only Co3O4, and confirmed that dispersed Pt is 

responsible for the induced structural changes.

3.2. Characterisation of the PtCo3O4 interface

The comparison between PtCo3O4, PtAl2O3, and Co3O4, and the use 
of the FW kinetic model suggested a modification of the reducible oxide 
(Co3O4) under reaction conditions, only in the presence of Pt (PtCo3O4). 
Hence, we performed in situ ATR-IR to study the origin of the induction 
period of Fig. 1a and assign it to possible structural changes induced by 
the surface reaction mechanism of AB [61,62]. The exposure of the 
catalyst to an aqueous solution of AB caused an upward shift of the 
baseline (Fig. 2a), often observed when electron transfer occurs [39]. A 
surface reduction of Co3O4 lowers the refractive index of the catalyst and 
causes an increase in the absorption, i.e., the penetration depth is 
extended and more catalyst layer (less contacted solution) is probed 
[61,63]. Hence, the shift was explained in terms of charge transfer to the 
surface of Co3O4, causing reduction, which was proven irreversible upon 
exposure of the catalyst to a neat and an O2-saturated water solution, 
each for 30 min [39].

Together with the baseline changes, the appearance of different 
signals in the 2000–1000 cm− 1 range occurred, a region that corre-
sponds to the signal characteristics of the species involved in the AB 
dehydrogenation. The AB (NH3BH3) dehydrogenation proceeds through 
the breakage of B-H bonds and the formation of (meta-)boric acids (BAc, 
NH4BO2), Eq. (1). AB possess characteristic peaks at 2330 (γ B–H), 1605 
(δ N–H) and 1175 (δ B–H) cm− 1, while BAc can be distinguished through 
the peaks at 1402 (δ B–O), 1227 (δ B–O), 970 (ρ B–O) cm− 1 [64]. Hence, 
to correlate the changes observed with the surface reaction mechanism 
of the AB hydrolysis, pulsed experiments consisting of alternating water 
and aqueous AB solutions were performed. As shown in Fig. 2b, a 

Fig. 1. Kinetic profiles for the ammonia dehydrogenation reaction on a) PtAl2O3 (black) and Pt/Co3O4 (blue). Repeated reaction runs on b) PtCo3O4 and c) Co3O4. d) 
Non-linear least squares fit of the sigmoidal kinetic profile of PtCo3O4 with the Finke-Watzky kinetic mechanism. All the experiments were performed at 303 K and 
1400 rpm, with 0.27 mmol of ammonia borane in 5 mL of distilled H2O.
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periodic modulation in the surface signal of B-H (AB) and B-O (BAc) 
species was observed, while no clear variation was observed for the N–H 
of AB. This confirms the role of surface [–BH3] species as the H source 
[24,25,65], and was taken as evidence of the AB dehydrogenation 
proceeding through the breakage of B–H bonds, with the formation of 
BAc species. On PtCo3O4 catalysts, the B-H breakage occurs on the Pt 
particles, and H spills and recombines to H2 on Co3O4 [25]. Therefore, 
we assigned the irreversible baseline changes to the spillover of H atoms 
derived from the breakage of the B-H bonds, reducing the support [39].

The kinetic data of PtCo3O4 interpreted via the FW theory, 

complemented by the ATR-IR experiments, indicated changes in the 
material occurring in-situ due to the interaction with AB and spillover of 
H species, pointing to an irreversible surface reduction of Co3O4. To 
correlate this information with the surface composition and atomicity, 
PtCo3O4 before and after the reaction was characterised through XPS 
and CO-DRIFTS, Fig. 3a-b.

The XPS results are summarised in Table S2. In agreement with the 
literature, the Co 2p XPS narrow scan of Co3O4 is a spin–orbit doublet 
composed of signals related to Co(III) (779.6 eV) and Co(II) ions (780.9 
eV), and a less intense satellite structure at ca. 10 eV from the main 

Fig. 2. (a) In situ ATR-IR spectra of PtCo3O4 during AB exposure for 30 min, and d) phase-resolved spectra obtained from PSD of the time-resolved spectra collected 
during the pulsed experiment. The spectrum at phase angle ϕ = 280◦ is marked to guide the eye.

Fig. 3. Characterization of PtCo3O4, before and after the reaction. a) Co 2p HR-XPS, b) CO-DRIFT spectra over the PtCo3O4 catalyst after 20 min of CO adsorption 
and 20 min of a He flow at 308 K, c) Co K-edge XANES and d) k2-weighted phase-uncorrected FT-EXAFS.
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photoemission line [28]. For the as-synthesised Co3O4 sample (Fig. 3a), 
the Co(III)/Co(II) ratio of 0.82 and the satellite position at 788.7 eV are 
in line with the literature results reported for a normal spinel structure 
[28]. After the deposition of Pt, the Co(III)/Co(II) ratio decreased from 
0.83 to 0.67, and the satellite shifted by ca. 1 eV towards the main peak, 
suggesting a diminished exposure of Co(III) species and soft reduction of 
the Co3O4 surface. After the reaction on PtCo3O4, the XPS Co(III)/Co(II) 
ratio decreased from 0.67 to 0.35 (Fig. 3a), and an additional shift of the 
satellite by ca. 1 eV occurred, indicating a deeper reduction of surface Co 
(III) ions. The Pt signal was not analysed due to the surface content of 
exposed Pt close to the limit of instrumental detection, preventing any 
reliable conclusion (Table S2). However, we obtained complementary 
information on the oxidation state of exposed Pt through CO-DRIFTS 
(Fig. 3b). In accordance with the XPS data, the sample before the reac-
tion showed the signal of CO coordinated to partially positively charged 
Pt species (Ptδ+ 2100 cm− 1). PtAl2O3 was analysed as a reference to 
obtain information on the oxidation state of Pt on a non-reducible oxide, 
i.e., excluding MSIs. The complete characterisation is reported else-
where [33]. Here, the same experiment on the material before any re-
action showed a signal at 2056 cm− 1 [33], corresponding to well- 
dispersed metallic Pt particles. It is worth noting that no CO adsorp-
tion band was observed on pure Co3O4. Hence, the surface analysis of 
the catalysts before any reaction confirmed the absence of a significant 
Pt-support interaction when Al2O3 is used, while the use of a reducible 
support such as Co3O4 induced a net transfer of charge between the 
components (Ptδ+Coδ−

3 O4). After the reaction on PtCo3O4, a conversion 
of the Ptδ+ sites to Pt0 occurred, and ν(CO) shifted from 2100 to 2057 
cm− 1, Fig. 3b. This modification of Pt corroborates the surface reduction 
of PtCo3O4 observed during ATR-IR and confirmed by XPS, and points to 
a restructuring of the catalyst surface under reaction conditions due to 
MSIs.

Therefore, we investigated the impact of the cobalt oxide reduction 
through XAS of PtCo3O4 before and after the reaction. As shown in 
Fig. 3c, the Co K-edge XANES of PtCo3O4 is in perfect line-to-line cor-
respondence with that of Co3O4. This, in combination with the surface 
information from XPS, supports the absence of changes in the oxidation 
state of bulk Co3O4 due to the insertion of Pt, and limits the transfer of 
charge to the uppermost surface layers in closer contact with the metal. 
On the other hand, after the reaction, the absorption edge of PtCo3O4 
shifted to lower energies and broadened, indicating an extended 
reduction and mixed valence of bulk Co3O4 [25,66–68]. The XANES 
features were supported by a quantitative analysis of the FT-EXAFS, 
Fig. 3d, as the same comparison showed a modification in the distri-
bution of the Co sites. The best parameters and the corresponding fit of 
the signals in R and k-space are shown in Table S3 and Fig. S5, respec-
tively. In a normal spinel structure, Co(III) and Co(II) are positioned at 
octahedral (CoOh) and tetrahedral (CoTd) sites, respectively [28], and a 
variation of their relative population affects the redox properties of 
Co3O4 [67,69]. Indeed, after the reaction, the coordination number (N) 
of octahedral Co sites (NOh) decreased compared to that of the tetra-
hedral ones (NTd), NOh/NTd shifted from 0.88 to 0.73, with a diminished 
Co-O coordination, 4.5 to 3.9 (±0.2). To support this data, an alternative 
model fixing NTd between the PtCo3O4 sample before and after the re-
action was also used, and similar results were obtained (Table S3, 
Fig. S5), confirming the modification of the octahedral sites as the 
responsible for the changes observed.

The FT-EXAFS indicated a reduction of Co3O4 and changes of the 
local structure, and confirmed the surface modifications observed from 
the previous characterisations. Therefore, changes in the long-range 
ordering and crystal structure of Co3O4 were evaluated through XRD, 
Fig. 4. The pattern of Co3O4 exhibited peaks at 2θ values of 19.1, 31.4, 
37.0, 38.7, 45.0, 55.9, 59.6 and 65.6◦, which are the characteristics 
(111), (220), (311), (222), (400), (422), (511) and (440) planes of 
the normal spinel structure (Fd3m) [28]. The spinel structure was pre-
served in PtCo3O4, and no signal of Pt was observed even after inter-
action with AB, indicating a fine dispersion on the support [70]. Then, 

STEM-HAADF was used to obtain insights into the structural and 
compositional features, Fig. 5. Pt can be easily distinguished on the Co 
surface in the HAADF images due to its higher atomic number, which 
results in greater contrast compared to Co. This visual distinction is 
further corroborated by the EDS mapping, which confirms the spatial 
distribution of Pt on the Co matrix. In the material before the reaction, 
well-dispersed small Pt clusters ranging from 0.5 to 1 nm were observed. 
In contrast, the used sample revealed larger (1.5–4 nm) Pt nanoparticles, 
indicating the agglomeration of Pt during the reaction. Additionally, the 
EDS data for the fresh sample showed the presence of residual chlorine 
species, originating from the platinum precursor used during synthesis, 
which were completely removed by the reaction with AB. The insights 
on the Pt morphology were found in agreement with the information on 
the oxidation state of Pt obtained from CO-DRIFTS.

Overall, the reaction of PtCo3O4 with AB generated the catalyst 
active phase – Pt clusters on Co(II)-enriched Co3O4. The thorough 
characterisation pointed to surface modifications and excluded signifi-
cant changes in the long range ordering and crystal structure of Co3O4. 
Therefore, DFT simulations of Pt clusters supported on Co3O4 were 
employed to obtain atomistic insights into the role of the metal/oxide 
interface in such changes.

3.3. Modelling of the PtCo3O4 interface

The redox properties of Co3O4 in the presence and absence of Pt 
clusters were investigated at the spin-polarised DFT-PBE + U level using 
the formation of oxygen vacancies, a standard descriptor for the 
reducibility of an oxide [3]. Schematically represented in Fig. 6a-b, the 
Co3O4 structure is a normal spinel, i.e., Co(III) and Co(II) are respec-
tively positioned at octahedral (CoOct) and tetrahedral (CoTd) sites [28]. 
The reconstructed Co3O4 (110) slab model with no dipole perpendicular 
to the surface exposes, on the outermost layer, 2 four-fold coordinated 
CoOct, 2 two-fold coordinated (O2c), and 2 three-fold coordinated (O3c) 
oxygen sites [28]. Fig. 6b shows the putative minimum configuration of 
the Pt cluster, obtained through a global optimisation procedure 
balancing the computational feasibility of the calculations and their 
physical validity [13,57]. It should be made clear that the computational 
models used here are a simplification of real powder catalysts, not aimed 
at quantitatively reproducing the surface chemistry of the catalyst, but 
rather at qualitatively illustrating the surface phenomena existing on 
these materials and the fundamental interaction between the compo-
nents of the metal/oxide interface. Consequently, the study was limited 
to investigating surface properties without discussing their direct impact 
on the catalysis.

The presence of MSIs in PtCo3O4 was probed by analysing the 
interaction between the cluster and the support. The exothermic 

Fig. 4. XRD patterns of the catalysts.
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adsorption of the Pt8 cluster revealed a favourable and robust bonding to 
Co3O4 (110), Eb of − 1.43 eV/Pt atom. The Pt8 transfer part of its charge 
density to the reducible oxide, Δq (Pt8) = 1.25 |e− |, confirming the MSIs 
of PtCo3O4 and resembling the polarisation of the interface 
(Ptδ+Coδ−

3 O4) observed via the combined XPS/DRIFTS study of the 
surface.

Hence, to prove the impact of said MSIs on the surface redox prop-
erties, an oxygen vacancy was introduced for the non-equivalent oxygen 
sites of the models (Fig. S6 for the complete list of tested sites and cor-
responding energies). The results for the most favourable sites on a 
Co3O4 (110) slab (O2c and O3c), in the presence and absence of Pt, are 
shown in Table 1. In agreement with the literature, the thermodynamic 
barriers on pristine Co3O4 were 2.42 and 4.15 eV, respectively for the 
O3c and O2c sites [52,53]. On PtCo3O4, the transfer of charge from Pt to 

Co3O4 enhanced the oxygen mobility in the proximity of the Pt cluster 
compared to the pristine oxide, facilitating the formation of vacancies on 
both the oxygen sites. Energy barriers as low as 0.79 and 1.52 eV were 
found for O3c and O2c, respectively. The simulations proved at atomic 
scale that the MSIs of Pt Co3O4 enhanced the mobility of oxygen and that 
the surface redox properties of the oxide are modified by the presence of 
a metal/oxide interface. Furthermore, the O3c sites were found as the 
most favourable reduction sites, and the information agreed with the 
decrease of octahedral Co(III) ions observed using the combined infor-
mation from XPS and the quantitative XAFS data.

4. Conclusions

Cobalt oxide (Co3O4) impregnated with 1 wt% Pt (PtCo3O4) was 
tested in the ammonia borane dehydrogenation and compared with a 
PtAl2O3 reference and the pristine oxide (Co3O4) to disclose the influ-
ence of metal-support interactions (MSIs) on the catalysts under reaction 
conditions. PtCo3O4 exhibited a sigmoidal hydrogen evolution profile, 
which is indicative of modifications of the material, uniquely attributed 
to the co-presence of Pt and Co3O4 through a comparison with the other 
catalysts and recycling tests. In situ ATR-IR experiments on PtCo3O4 
identified an irreversible surface reduction of Co3O4 through H species 

Fig. 5. Representative HAADF images and Co, Pt elemental maps of PtCo3O4 before (A) and after (B) the reaction. (C) Summed EDS spectrum of the previous element 
mapping experiments.

Fig. 6. Structural representation of the Co3O4 (110) and Pt8/Co3O4 (110) models. Inset are the coordination environments of CoOct(III) and CoTet(II), and the 
transferred Bader charge from Pt8 to the Co3O4 slab. The most favourable oxygen reduction site on Pt/Co3O4 is circled in yellow.

Table 1 
Most favourable oxygen vacancy formation energy Ef(O) on the Co3O4 (110) 
and Pt/Co3O4 (110) models.

Ef(O3c)/eV Ef(O2c)/eV

Co3O4 (110) 2.42 4.15
Pt8/Co3O4 (110) 0.79 1.52
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abstracted from the B-H bonds of ammonia borane, and the XPS/DRIFT 
characterisation attributed such modifications to the presence of MSIs. 
The thorough characterisation of PtCo3O4 before and after the reaction 
highlighted the reduction and agglomeration of supported Pt and the 
reduction of surface Co(III) ions to Co(II) through a combination of XPS/ 
DRIFT and STEM-HAADF data. The reduction of the support was 
correlated to a variation in the relative population of tetrahedral (Td) 
and octahedral (Oh) sites with XAS, although modifications of the long 
range ordering were excluded via XRD. The modification of the redox 
property of Co3O4 in the presence of Pt was investigated through DFT on 
a model Co3O4 (110) slab. The formation of a highly stable interface 
(Eads of − 1.43 eV/Pt atom), the Pt-to-Co3O4 charge transfer and the 
enhanced local reducibility of PtCo3O4 enhanced compared to that of 
pristine Co3O4 were correlated with the MSIs observed from the ex-
periments. In particular, three-fold oxygen coordinated to octahedral Co 
(III) ions were found as the most favourable reduction sites. The entire 
catalyst surface is modified by the interaction with ammonia borane, 
and the active phase is generated in-situ. Overall, we shed light on the 
nature of the active sites for a PtCo3O4 catalyst, one of the optimal 
materials for the ammonia borane dehydrogenation. It is expected that 
these results will be useful in a dual way, to guide the design of new 
catalysts with improved performance, and to use ammonia borane 
dehydrogenation and the Finke-Watzky model to simply and indirectly 
track the set of interfacial changes occurring in situ.
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