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Heteroatom doping enables hydrogen
spillover via H+/e− diffusion pathways on a
non-reducible metal oxide

Kazuki Shun 1, Kohsuke Mori 1,2 , Takumi Kidawara1, Satoshi Ichikawa 3 &
Hiromi Yamashita 1,2

Hydrogen spillover, the simultaneous diffusion of protons (H+) and electrons
(e−) is considered to be applicable to ubiquitous technologies related to
hydrogen but limited to over reducible metal oxides. The present work
demonstrates that a non-reducible MgO with heteroatom Al dopants
(Al–MgO) allows hydrogen spillover in the sameway as reduciblemetal oxides.
Furthermore, a H+ storage capacity of this material owing to hydrogen spil-
lover is more than three times greater than those of various standard metal
oxides based onH+ transport channels within its bulk region. Atomic hydrogen
diffuses over the non-reducible Al–MgO produces active H+-e− pairs, as also
occurs on reducible metal oxides, to enhance the catalytic performance of Ni
during CO2 hydrogenation. The H

+ and e− diffusion pathways generated by the
heteroatom Al doping are disentangled based on systematic characterizations
and calculations. This work provides a new strategy for designing functional
materials intended to hydrogen spillover for diverse applications in a future
hydrogen-based society.

Hydrogen is a promising energy vector capable of storing renewable
energy provides superior utilization efficiency and lower gravimetric
density compared with conventional energy carriers1–4. Despite this,
various fundamental technologies intended to hydrogen handling are
not yet sufficiently mature, and thus the required infrastructure is
presently unavailable5–7. Hydrogen spillover continues to attract sig-
nificant attention due to its unprecedented functions formore than 50
years8–10. Its occurrence involves the cleavage of H2 and following
simultaneous diffusion of protons (H+) and electrons (e−) on a solid
substrate11,12. This process can be regarded as the solidification of
gaseous H2 in conjunction with transportation of active hydrogen
species. Hence, hydrogen spillover could offer a means of centralizing
hydrogen storage, transportation, and utilization together with
improved performance13–15. Reducible metal oxides, such as TiO2,
CeO2, and WO3, are recognized as promising platforms for hydrogen
spillover because they contain readily reducible cations capable of

accepting e−16–18. However, these compounds contain rare elements
each with an abundance of less than 1% within Earth’s crust19. Eco-
nomically, metal oxides containing Earth-abundant elements repre-
sent more suitable platforms for hydrogen spillover. In this regard,
employing non-reducible metal oxides, such as MgO and Al2O3, as a
platform is one of candidates. Unfortunately, they inhibit the e− dif-
fusion due to their low reducibility, and the dominant phenomenon is
consequently only H+ diffusion, which significantly limits the hydrogen
transportation and utilization20–22. The design of materials based on
such common elements that also allow hydrogen spillover will enable
thedevelopment of innovative and sustainable technologies for a next-
generation hydrogen society.

The present work demonstrates that a non-reducible Al-doped
MgO (Al–MgO), which contains only Earth-abundant elements, allows
hydrogen spillover in the same way as reducible metal oxides. The
hydrogen spillover property of Al–MgO was evaluated in terms of
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H+ diffusion and e− diffusion by utilizing a variety of characterizations
and theoretical calculations. In this material, four-coordinated alumi-
num (AlTd) and cation vacancies (VCat) were evolved to provide specific
H+ transport channels and allowed more than three greater H+ storage
capacities than MgO and typical metal oxides. Surprisingly, the donor
levels of Al allowed the concurrent diffusion of H+ and e− over Al–MgO,
as in hydrogen spillover on reducible metal oxides. The spilled
hydrogen on Al–MgO promoted the redox of deposited NiOx during
catalytic CO2 hydrogenation to increase hydrogen utilization effi-
ciency by a factor of 11.4. This work provides a new strategy to design
functional materials made of Earth-abundant elements for diverse
applications in a future hydrogen-based society.

Results
Structural characteristics of Al–MgO
Al-doped MgO specimens having various Mg/Al ratios were synthe-
sized by a co-precipitation procedure, and the crystal structureswere
analyzed by X-ray diffraction (XRD) (Fig. 1a). As the Al proportionwas
increased, the diffraction peak corresponding to MgO {200} shifted
to higher angles as a result of a decrease in the lattice constant,
related to the substitution of Mg by Al in the MgO lattice (since the
ionic radii of Mg2+ and Al3+ are 0.720 and 0.535 Å, respectively)23. The
specimens having Mg/Al ratios of one and two exhibited MgAl2O4

{440} diffraction peaks, resulting in phase transformation of MgO. It
appears that theMgOwas able tomaintain its original structure up to
a Mg/Al ratio of 5 without any significant phase transformation even
within the nanometric area (Supplementary Fig. 1). For these reasons,
the Al-doped MgO having a Mg/Al ratio of five, referred to herein
simply as Al–MgO hereafter. Surprisingly, only MgO {111} peak at

36.7° was shifted to lower angles as the proportion of Al was
increased, which suggests the presence of Al not only in substitu-
tional octahedral sites (AlOh) but also in interstitial tetrahedral sites
(AlTd) within the Al–MgO24,25. It has been reported that VCat produced
in periclase MgO to maintain the charge balance by the substitution
of trivalent Al3+26,27. Considering the three times larger amount of
internal strain within Al–MgO than MgO as revealed by the
Williamson-hall plots, it is likely that the specific sites such as AlTd and
VCat were introduced within Al–MgO (Supplementary Fig. 2). We
quantified the concentration of AlTd and VCat within Al–MgO by
detailed structural characterizations. The composition of AlOh and
AlTd were proven to be attributed at 80.8% and 19.2% within Al–MgO,
respectively, with solid-state 27Al magic angle spinning nuclear
magnetic resonance (27AlMAS-NMR) spectroscopy (Fig. 1b). From the
inductively coupled plasma atomic emission spectroscopy (ICP-AES)
measurement, the Mg:Al:O ratio of the Al–MgO was proven to be
38.2:10.0:51.8 as shown in Fig. 1c even though the stoichiometric
Mg:O ratio in pristine MgO is 1:1, which indicates the as-synthesized
Al–MgO is in the cation deficient state. The energy dispersive X-ray
spectroscopy (EDX) analysis provided the same tendency for atomic
composition as ICP-AES and indicated that the Al was distributed in
the nanometric region of Al–MgO (Supplementary Fig. 3). From the
results of ICP-AES, the proportion of VCat at octahedral cation sites
was calculated to be 9.2% within Al–MgO (Supplementary Note 1).
Hence, the incorporation of Al heteroatoms generates considerable
number of two specific sites such as AlTd and VCat within Al–MgO
(Fig. 2). Based on this structure, we investigated the hydrogen spil-
lover, the coupled H+ and e− diffusion, on the Al–MgO based on the
diffusion of H+ and e−.
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Fig. 1 | Structural characterizations. aXRDpatterns obtained fromAl-dopedMgO
samples having different Mg/Al ratios. Outset: an enlarged view of the MgO (111)
region. b The 27Al solid-state MAS-NMR spectrum acquired from a Ru/Al–MgO

specimen. The orange and purple shading indicate fitted peaks corresponding to
AlOh and AlTd, respectively. c An atomic composition of the Al–MgO obtained from
an ICP-AES measurement.

Article https://doi.org/10.1038/s41467-024-50217-z

Nature Communications |         (2024) 15:6403 2



H+ diffusion property over Al–MgO
The hydrogen spillover ability of Al–MgOwas first assessed in terms of
H+ diffusion. Ru nanoparticles were employed as dissociation sites of
H2. The mean diameters of Ru nanoparticles precipitated onMgO and
Al–MgO were calculated to be 1.82 nm and 3.55 nm (Supplementary
Fig. 4). We have previously reported that the dissociation of H2 on Ru
nanoparticles was a barrierless step compared with the subsequent
migration steps17, and therefore excluded the effect on the diameter of
Ru nanoparticles herein. Variation in mass of Ru/Al–MgO was eval-
uated by thermogravimetric (TG) analyses while switching between H2

and D2 atmospheres (Fig. 3a). Ru/Al–MgO rapidly showed increase in
its mass immediately after switching to a D2 flow whereas the Ru/MgO
exhibited a moderate increase. The change in mass of each sample
between exposure toH2 andD2 couldbe used to calculate the extent of
H+ storage. The proportional H+ storage on the Al–MgOwas calculated
to be 0.29wt% and sowas 3.1 times larger than that obtained using the
MgO in spite of its less than half BET surface area (SBET) (Fig. 3a).
Recently, several reports have indicated that hydrogen spillover
occurred in the bulk regionofmetal oxideplatforms28–30 and it also can
endow the catalysis31. Considering that Al–MgO exhibited larger H+

storage capacity even though its SBET was smaller than MgO, it can be
assumed that the specific H+ transport channels were produced within
the bulk of MgO by the addition of Al. More notably, the Al–MgO
showed outstanding H+ storage capacity compared with conventional
reducible metal oxides, promising hydrogen spillover platforms.
Hence, the present material would be able to store an unprecedented
amount of atomic hydrogen via H+ diffusion even though it comprises
Earth-abundant elements. Moreover, the promotional effect of Al
doping on H+ storage capacity was confirmed for the Al-doped MgO
with various Mg/Al compositions (Supplementary Fig. 5). In order to
identify the specific H+ transport channels within the bulk of MgO
generated by the addition of a heteroatom Al, we investigated the H+

diffusion property on the Al–MgO with the Mg/Al composition of five
which accommodated maximum amount of Al without phase trans-
formation. In these trials, the evolutions of HD molecules from Ru/
MgO and Ru/Al–MgO were monitored by mass spectrometry (MS)
under an H2 atmosphere by heating following to D2 reductions as
shown in Supplementary Fig. 6. The Ru/Al–MgO generated three
Gaussian peaks whereas two Gaussian peaks in the case of the Ru/MgO
(Fig. 3b). Only first HD production between 50 and 150 °C can be ori-
ginated from H+ diffusion on the surface, respectively, according to
the in situ DRIFTmeasurements (Supplementary Figs. 7 and 8). Hence,
the second and third HD productions from Ru/Al–MgO are based
on the specificH+ transport channels within the bulk. The area ratios of
these peaks to the first peak were calculated to be 5.6 and 5.9,
respectively, even though it was only 1.3 in the case of the second peak
generated from Ru/MgO, showing that superior H+ storage capacity of
Al–MgOwas originated from the two H+ transport channels within the

bulk region. Note that H+ diffusion on the Al–MgO occurs at lower
temperature than CeO2 and WO3 and therefore the diffusion rate is
supposed to be superior to these two reducible metal oxides (Sup-
plementary Fig. 9). To identify specific channels with in the Al–MgO,
additional trials were performed as a function of a heating rate (β) and
obtained Kissinger plots for eachHDproduction peak (Supplementary
Figs. 10 and 11)32. From the slopes and the intercepts of obtained
approximated lines, the activation energies (Ea) and the pre-
exponential factors (A) for H+ diffusion reactions corresponding to
each HD production were respectively calculated (Fig. 3b), based on
the following equation32,

ln
β

T2
m

= � Ea

R
1
Tm

+ lnA ð1Þ

where Tm and R are the temperature associated with maximum HD
evolution and the universal gas constant, respectively. The Ea values
for HD evolutions from Ru/Al–MgO corresponding to peak 1 and peak
2 were calculated to be 37.3 and 41.9 kJ/mol, respectively. The Ea value
of peak 2 was only less than 10 kJ/mol larger than that of peak 1, and
this trendwas the same in the caseofRu/MgO. This result suggests that
the H+ diffusion sites related to peak 2 were similar to those respon-
sible for peak 1. Therefore, the H+ diffusion sites related to peak 2 are
likely comprised unsaturated oxygen atoms located in the bulk. It has
been reported that some oxygen atoms in the inversion spinel (IS)
crystals can become unsaturated25. Considering that 19.2% of the Al in
the present Al–MgO occupied tetrahedral sites to form IS units, this
material would have contained a large amount of unsaturated oxygen
atoms which provide H+ diffusion sites within its structure. To confirm
this issue, we obtained a two-dimensional map based on 1H-27Al solid-
state NMR data acquired from the Ru/Al–MgO after H2 reduction
(Fig. 2c). A cross peak was observed at (74.3, 7.0) together with an
intensepeak at (15.5, 5.5), showing the presenceof protonicHnearAlTd
as well as AlOh

33. This result suggests the formation of AlTd-O-H groups
within the Al–MgO34. Hence, the unsaturated oxygen atoms evolved by
the incorporation of AlTd provide H+ transport channels into the bulk
region with the Al–MgO. On the other hand, the Ea for peak 3 was
calculated to be 178.2 kJ/mol, that was more than 100 kJ/mol larger
than that for peak 1, suggesting that pathway associated with peak 3 is
less diffusive for H+ than that of peaks 1 and 2.Moreover, the value of A
for peak 3 was ten orders of magnitude higher than those for peaks 1
and 2, demonstrating that the cross-sections of the H+ diffusion sites
related to peak 3 were larger than those of unsaturated oxygen atoms
because the pre-exponential factor is associated with the collision
cross-section of a reactive substrate35. Based on the extremely high Ea
andA values, theH+ transport channel in the bulk of Al–MgO related to
peak3was assigned to three-dimensionally extendedVCat according to
following reasons. First, it is known that atomic hydrogen can be
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Mg Al O
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Fig. 2 | Proposed structure of Al–MgO. Diagram showing structural evolution of
MgO following addition of Al heteroatoms as viewed from [111] direction. The
Al–MgO has two types of specific sites, such as AlTd and VCat. The outer and inner

regions of the circular chart provide the proportions of elements or vacancies
occupying octahedral cation sites and the proportions of Al located in octahedral
sites (AlOh) and tetrahedral sites (AlTd) in the Al–MgO.
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trapped in vacancies within bulk materials based on stable H-vacancy
interactions36 such that the Ea for diffusion is increased. Second, the
octahedral cation sites close to a VCat have a 43.9% probability of being
vacant in Al–MgO (Supplementary Note 1), which significantly
increases A. It has been reported that VCat can react with H2 molecules
to initiate hydrogen spillover16. Our result suggests that they facilitate
not only the H2 dissociation step but also the H+ diffusion steps in the
hydrogen spillover process. It should be noted that the higher
calcination and reduction temperatures resulted in the sluggish of H+

storage capacity because of the decrease ofH+ transportation channels
within the bulk regions (Supplementary Figs. 12 and 13). From the
above results, we can conclude that the Al–MgO was able to store and
transport a large amount of H+ as a consequence of the two types of H+

transport channels that were generated within the bulk region of
Al–MgO as well as the surface unsaturated oxygen (Fig. 3d). Specifi-
cally, adjoining unsaturated oxygen atoms distributed within the bulk
transported H+ via the formation of O–H bonds (channel 1) and three-
dimensionally extended VCat within the bulk transported H+ via
H-vacancy interactions (channel 2).

e− diffusion property over Al–MgO
Thehydrogen spillover ability of Al–MgOwas further assessed in terms
of e− diffusion. WO3 has been employed as a marker of hydrogen
spillover in several reports37,38 because it shows change of its color
from yellow to bronze by the acceptance of e− due to themixing of the
valence transfer bands of W6+ and W5+39. Herein, the e− diffusion
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associated with hydrogen spillover was studied from the visible light
absorption of WO3 mixed with Ru-supported specimens under an H2

reduction atmosphere with in situ UV-vis measurements (Fig. 4a).WO3

mixed with the Ru/MgO showed no visible light absorption up to
400 °C, demonstrating that the WO3 did not accept electrons. Hence,
there was evidently minimal e− diffusion on the MgO. Interestingly,
WO3 mixed with the Ru/Al–MgO exhibited strong visible light
absorption above 200 °C and the bronze coloration of the sample
following this experiment confirmed that theWO3 hadbeen reduced39.

This result demonstrated that the H+ diffusion on the Al–MgO was
accompanied by e− migration, allowing hydrogen spillover to occur as
in the case of reduciblemetal oxides even thoughMg2+ and Al3+ are the
least reducible. Note that H atoms do not migrate directly from Ru to
WO3 but through support materials, since there is a clear difference in
the visible light absorptions of WO3 mixed with Ru/MgO and Ru/
Al–MgO. According to the electron spin resonance (ESR) spectra, only
Ru/MgO generated an intense hyperfine pattern consisting of six sig-
nals with a hyperfine constant of 8.2mT ascribed to the formation of F

e
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centers in MgO after H2 reduction (Fig. 4b)40. F centers have reported
to generate defect levels in MgO at least 3 eV lower than the conduc-
tion band minimum (CBM)41, which inhibited e− diffusion occurring
simultaneously with H+ migration on theMgO. Therefore, the addition
of Al prevented the deep trapping of e− and so enhanced e− diffusion
during H+ diffusion, enabling hydrogen spillover on the non-reducible
Al–MgO. The effect of Al doping on e− diffusion during hydrogen
spillover was investigated by performing density functional theory
(DFT) calculations based on a MgO (001) facet in which an Mg was
substituted by an Al (Fig. 4c). Electron spin density calculations indi-
cated that an e− derived from anH atommigrated to the Al, suggesting
that e− migration proceeding together with H+ diffusion may be initi-
ated by the donation of e− from H atoms to Al on the Al–MgO. As a
means of better understanding the movement of e− on this material,
the position of the Al level in the band structure of the present model
was investigated on the basis of a partial density of states (PDOS)
analysis. This level was found to be situated 0.29 eV below the CBM of
MgO and even lower that the level of the 1 s orbital of spilled hydrogen
(Fig. 4c). A similar trend was observed in the results of additional
calculations based on varying the position of Al (Supplementary
Fig. 14). According to the Fermi distribution function, an energy gap of
3.0 eV (the estimatedminimum energy difference previously reported
between the F center defect levels and the CBM of MgO)41 excites e−

between bands with a probability of ~1.1 × 10−30%, whereas the prob-
ability is as high as 8.1 × 10−2% for an energy gap of 0.29 eV at 200 °C,
respectively (Fig. 4d and Supplementary Fig. 15). That is, an Al atom
doped into MgO can both accept an e− from a spilled H atom and
donate ane− to theMgOCBM. This effect promotes hydrogen spillover
on Al–MgO even though this compound comprises the two poorly
reducible elements Mg and Al. The e− diffusion characteristics of the
MgOandAl–MgOand the origins of thisphenomenon are illustrated in
Fig. 4e. In the case of the pristine MgO, H+ and e− form F centers and
produce defect levels at least 3.0 eV below the CBM of MgO that
capture e−. Thus, e− conduction is inhibited and only H+ diffuses over
theMgO. However, the Al heteroatomprovides donor levels at 0.29 eV
below the MgO CBM that not only inhibits deep trapping of e− into F
centers but also promotes e− migration with only a minimal thermal
energy input. Therefore, hydrogen spillover based on the concurrent
diffusion of H+ and e− can occurs even though the cations in this
material are not readily reduced.

Hydrogen spillover effect on CO2 hydrogenation
The reactivity of hydrogen spillover on Al–MgO was evaluated based
on the catalytic CO2 hydrogenation into CO and CH4 between 300 and
500 °C (Fig. 5a). In these trials, 0.1 wt%-Pt supported Al–MgO
(Pt/Al–MgO) and 3.0wt%-Ni supported Al–MgO (Ni/Al–MgO) catalysts
were physically mixed at a mass ratio of 1:1, referred to herein as
(Pt +Ni)/Al–MgO. In this catalyst, the Pt, Al–MgO, andNi promoted the
dissociation of H2 molecules, the transportation of atomic hydrogen
from Pt to Ni sites, and the utilization of atomic hydrogen for the CO2

hydrogenation reaction, respectively. No significant phase transfor-
mation occurred during the deposition of Pt and Ni and the sub-
sequent H2 reduction and themean diameters of Pt and Ni on Al–MgO
were 9.26 and 49.3 nm, respectively (Supplementary Fig. 16). The
major hydrogenated product from separated Pt/Al–MgO and Ni/
Al–MgO was CO and each CO2 conversion moderately increased from
350 to 400 °C, giving 2.5% and 4.3% at 400 °C, respectively (Fig. 5b). In
contrast, the (Pt +Ni)/Al–MgO exhibited a significant increase in CO2

conversion in the same temperature range from 350 to 400 °C. At
400 °C, this material provided a CO2 conversion 4.6 times higher than
themean values obtained from the sameamount of Pt/Al–MgOandNi/
Al–MgO, as shown in Fig. 5b. The (Pt + Ni)/Al–MgO also demonstrated
product selectivity that was different from those of the individual
catalysts, giving 8.2% CH4 and 7.6% CO at 400 °C. The evolution of one
mole of CH4 requires four moles H2, whereas the production of one

mole of CO requires only onemole H2. Based on this, the H2 utilization
efficiencies, the proportion of reacted H2, of each catalyst during this
reaction were calculated (Fig. 5b). The (Pt +Ni)/Al–MgO exhibited an
H2 utilization efficiency 11.4 times greater than the mean value for the
Pt/Al–MgO and Ni/Al–MgO, demonstrating that a greater quantity of
H2 was utilized for CO2 hydrogenation over the (Pt +Ni)/Al–MgO
owing to the hydrogen spillover effect provided by the Al–MgO. We
performed the same catalytic trials using various specimens with dif-
ferent designs: catalysts which employed Ru as the dissociation site of
H2molecules (Supplementary Fig. 17), a catalystwhich co-supportedPt
andNi (Supplementary Fig. 18), catalysts utilizing the Al–MgOcalcined
at different temperature as support materials (Supplementary
Figs. 19 and 20), and catalysts with MgO as support material (Supple-
mentary Fig. 21). Although the catalytic performances of these cata-
lysts were superior to those of the individual catalysts respectively,
their activity enhancements were moderate compared with that of
(Pt +Ni)/Al–MgO shown in Fig. 5b. It has been reported that the CO2

hydrogenation reaction on Ni was initiated by the dissociation of CO2

to *CO and *O species and evolved surface oxygen passivated the Ni
surface and lowered its activity42. Hence, it is apparent that the Ni
surfaces poisoned by oxygen atoms were readily reduced by the spil-
led hydrogen onAl–MgO. In order to confirm this, the redoxbehaviors
of Ni species deposited on Ni/Al–MgO, (Pt +Ni)/MgO, and (Pt +Ni)/
Al–MgO were examined from the linear fitting processing with Ni and
NiO for the Ni K edge in situ X-ray absorption near edge structure
(XANES) under alternating H2 and O2 atmospheres at 350 °C, respec-
tively (Fig. 5c). As the results, the fraction of Ni0 calculated from Ni0/
(Ni0 +Ni2+) was 0.35 for (Pt +Ni)/Al–MgO, which is larger by 0.22 than
Ni/Al–MgO. This suggests that the reduction of Ni species is promoted
by the presence of Pt under H2 reduction atmosphere. Additionally,
this value was larger by 0.18 than that of (Pt +Ni)/MgO. This tendency
was repeatedly obtained in the second H2 dosage following to O2

dosage. These results demonstrate that hydrogen spillover onAl–MgO
significantly endows the reduction of Ni species and its reduction
performance is superior to H+ diffusion onMgO. The results of H2-TPR
measurements also support that the promotional effect of hydrogen
spillover in the reduction of Ni species (Supplementary Fig. 22).Hence,
it can be concluded that the hydrogen spillover on Al–MgO immedi-
ately removed oxygen atoms poisoning Ni surface during CO2 hydro-
genation atmosphere that significantly enhanced the catalysis of
Ni (Fig. 5d).

Discussion
The hydrogen spillover was achieved on a non-reducible MgO by a
heteroatom Al doping. The hydrogen spillover on the Al–MgO was
disentangled from the viewpoint of H+ diffusion and e− diffusion and
utilized for the catalysis. The Al–MgO allowed hydrogen spillover that
is the coupled H+ and e− diffusion and exhibited superior H+ storage
capacity to typical reducible metal oxides even though it comprises
only Earth-abundant elements. Compared with pristine MgO and
typical reducible metal oxides composed of rare elements, the H+

capacity of Al–MgO was increased by a factor in excess of 3.1. A
combination of kinetic and spectroscopic assessments provided evi-
dence that the addition of Al generated both unsaturated oxygen sites
and VCat. These provided transport channels into the MgO bulk and
significantly enhanced the proton storage capacity of the material. In
situ UV-vis spectra confirmed that electron conduction occurred on
the Al–MgO in conjunction with proton migration in spite of the poor
reducibility of the components of this material. Computational ana-
lyses showed that the Al impurity level introduced below the MgO
CBM promoted the movement of electrons between these two levels
via thermal excitation. Hydrogen spillover on the Al–MgO was also
found to accelerate the catalytic hydrogenation of CO2 by removing
surface oxygen on Ni sites that would otherwise poison the catalyst.
This effect resulted in a 11.4-fold increase in hydrogen utilization
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efficiency. The material demonstrated herein could lead to the devel-
opment of novel hydrogen handling technologies as a means of
achieving a sustainable, hydrogen-based society.

Methods
Materials
RuCl3·nH2O (≥99.9% pure), NiCl2·6H2O (≥98% pure), H2PtCl6·6H2O
(≥98.5% pure), Mg(NO3)2·6H2O (≥99.0% pure), Al(NO3)3·9H2O (≥98.0%
pure), Na2CO3 (≥99.8% pure), NaOH (≥97.0% pure), poly(N-vinyl-2-
pyrrolidone) (average molecule weight 40,000), ethylene glycol (EG,
≥99.0% pure) and ethanol (≥99.5% pure) were supplied by Nacalai

Tesque. WO3 (99.5% pure) was obtained from Wako Pure Chemical
Industries, Ltd. All commercially available chemicals were used as
received.

Synthetic procedures
The Al–MgO (Mg/Al = 5) specimen was synthesized using a conven-
tional co-precipitation method reported previously43. In this process,
Mg(NO3)2·6H2O (12.820 g, 0.05mol) and Al(NO3)3·9H2O (3.751 g,
0.01mol) were first dissolved in distilled water (100mL). This solution
was then slowly added to 60mL of an aqueous solution of Na2CO3

(3.180 g, 0.03mol) andNaOH (2.800 g, 0.07mol) at 65 °Cwith stirring.
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Fig. 5 | Enhanced catalytic CO2 hydrogenation by hydrogen spillover on
Al–MgO. a Yields of hydrogenated products obtained from Al–MgO catalysts
loaded with Pt, Ni, or (Pt + Ni) at various temperatures. b Bars: catalytic CO2 con-
version to CO and CH4 at 400 °C for (i) 50mg of Pt/Al–MgO, (ii) 50mg of Ni/
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(Pt + Ni)/Al–MgO. Plot: H2 utilization efficiencies during the CO2 hydrogenation

reaction. c Left: The fraction of metallic Ni0 species in the (Pt + Ni)/Al–MgO, Ni/
Al–MgO, and (Pt +Ni)/MgO based on linear fitting for Ni K edge XANES spectra
obtainedwhile switching betweenH2 andO2 atmospheres at 350 °C. Right: TheNiK
edge XANES spectra for each plot pointed in the left figure together with Ni and
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motes the catalysis of Ni in CO2 hydrogenation.
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The resulting mixture was vigorously stirred for a further 18 h after
which the precipitant was divided into four lots, each of which was
combined with 45mL distilled water and centrifuged five times. The
white slurry obtained from this process was dried for at least 6 h at
110 °C, following which the resulting solid was ground into a powder
for 3min and then calcined at 400 °C under air for 1.25 h. Pure MgO
and x-Al–MgO (where x is theMg/Al ratio) specimenswere prepared in
the samemanner by omitting or varying the amount of Al(NO3)3·9H2O.

Ru/Al–MgO (Mg/Al = 5) was synthesized using a conventional
impregnation method followed by a standard hydrogen reduction
procedure. Specifically, RuCl3·nH2O (0.0270 g)was added to amixture
of Al–MgO (0.5 g) and distilled water (100mL). The resulting suspen-
sionwas stirred at room temperature formore than 1 h, after which the
water was evaporated by heating the material at 60 °C under vacuum.
The powder obtained from this process was reduced by heating to
400 °C at a rate of 5 °C/min under a 20mL/min flow of H2 and then
holding the specimen at that temperature for 2 h to yield Ru/Al–MgO
containing 2.0wt% Ru. MgO samples loaded with Ru were prepared in
the same manner.

A colloidal Pt suspension was produced using a conventional
polyol method as previously reported44. In this process, H2PtCl6·6H2O
(1.0 g) was added to EG (50mL) with stirring while NaOH (1.0 g) was
dissolved in EG (50mL) to produce a second solution. These two
solutions were then combined and stirred for 10min under a 50mL/
min flow of Ar at room temperature. The resulting mixture was stirred
at 160 °C under a continuous flow of Ar for 3 h to obtain a suspension
containing 0.377 g colloidal Pt/100mL. A NiCl2·6H2O solution (0.1M)
was also prepared by dissolving NiCl2·6H2O (0.238 g) in distilled water
(10mL), after which Pt/Al–MgO and Ni/Al–MgOwere synthesized via a
typical impregnation method. In this synthesis, either the colloidal Pt
suspension (0.796mL) or the NiCl2·6H2O solution (1.53mL) described
above was added to a mixture of Al–MgO (0.3 g) and distilled water
(100mL). Each suspension was stirred at room temperature for more
than 1 h after which the water was evaporated by heating at
60 °C under vacuum to give Pt/Al–MgO (0.1wt% Pt) or Ni/Al–MgO
(3.0wt% Ni).

(Pt +Ni)/Al–MgO was prepared by combining Pt/Al–MgO and
Ni/Al–MgO at a mass ratio of 1:1 and mixing for 3min.

Characterizations
Powder XRD patterns were acquired using a Rigaku Ultima IV dif-
fractometer with Cu Kα radiation (λ = 1.54056 Å). High-resolution TEM
(HR-TEM) images and associating electron diffraction (ED) patterns
were obtained using a JEM-ARF200F instrument (JEOL Ltd.) and were
analyzed using the ReciPro software package45. Nitrogen adsorption-
desorption isotherms were acquired at −196 °C using a BELSORP-max
system (MicrotracBEL Corp.). Samples were degassed at 120 °C for 3 h
under vacuum to vaporize physisorbed water prior to each trial. The
specific surface areas of the synthesized oxides were calculated by the
Brunauer–Emmett–Teller (BET) method using nitrogen adsorption
data. Thermogravimetry (TG) data were obtained with a Rigaku
Thermo plus EVO2 TG8121 system under sequential 100mL/min flows
of 5.0% H2 and 5.0% D2 diluted with N2 gas at 400 °C for 10mg of Ru-
supported specimens. The quantity of protons stored by the Ru sup-
ported on each sample was calculated from the equilibrium difference
in H2 and D2 masses. In situ diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFT) analyses were conducted using an IR Spirit
instrument (Shimadzu) equipped with a heating chamber and con-
nected to a gas-exchange system. During these assessments, each
sample was heated at 50, 150, or 250 °C under sequential flows of H2

and D2, and spectra were acquired 10min after exposure to D2 at each
temperature. Baseline correctionwas applied to each spectrum except
between 2600 and 2800 cm−1 (corresponding to the region associated
with O−D stretching vibrations). The generation of HD molecules
(m/z= 3) via the H+−D+ exchange process during H2-TPD followed by

annealing under D2 was monitored using MS with a BELMass spec-
trometer connected to a BEL-CAT instrument. During each experi-
ment, the Ru-loaded specimenwas annealed under a D2 flow at 400 °C
for 1 h as a pre-treatment. Following this, H2-TPD was performed from
0 to 600 °C while applying a heating rate of 2, 5, or 10 °C/min and
monitoring HD production by MS. The resulting data were deconvo-
luted to provide multiple Gaussian peaks. In situ ultraviolet-visible
adsorption spectroscopy (UV-vis) analyses were conducted using a
V-750 spectrometer (JACSO International Co., Ltd.). Prior to each trial,
the Ru-loaded specimenwas combinedwithWO3 at amass ratioof 1:24
to produce the test specimen. During each analysis, changes in the
visible light absorption of the WO3 under hydrogen reduction condi-
tionsweremonitored from room temperature to 400 °C. Electron spin
resonance (ESR) data were obtained from the Ru-loaded specimens at
room temperature using a JEOL RESONANCE JES X320 spectrometer.
Solid-state magic-angle spinning nuclear magnetic resonance spectra
of Ru/Al–MgO specimens were obtained using a JEOL RESONANCE
ECA 400WB spectrometer operating at 9.4 T with a spinning rate of
6.5 kHz. An 8.0mm JEOL HXMAS probe with a resonance frequency of
104.2MHz was employed in all cases. The 27Al chemical shifts were
determined relative to that of gibbsite (Al(OH)3)

46. H2-temperature
programmed reduction analyses were performed using a BEL-CAT
instrument by heating 20mg specimens at 5 °C/min from 50 to 600 °C
under a 5.0% H2/Ar flow. Ni K-edge in situ X-ray absorption fine
structure (XAFS) data were acquired in the transmission mode using
the 01B1 beamline station at the SPring-8 facility operated by JASRI in
Harima, Japan (proposal no. 2022B1807) in conjunction with a Si (111)
monochromator. As a pre-treatment, each pelletized sample was
placed in a batch-type in situ XAFS cell and heated at 10 °C/min from
50 to 500 °Cand thenheld at that temperature for 30min under a 5.0%
H2/He flow. Subsequently, 5.0% O2/He and 5.0% H2/He was alternately
introduced into the XAFS cell which was heated at 350 °C for 20min,
during which time XAFS spectra were obtained at 1min intervals. The
XAFS data were processed using the ATHENA program (Demeter).

Catalytic trials
Thecatalyticperformanceof eachmaterial was evaluatedusing afixed-
bed reactor system in which 50mg of catalyst (Pt/Al–MgO or
Ni/Al–MgO or Pt-Ni/Al–MgO) was held in a quartz cell having an
internal diameter of 17mmwithin anelectric oven. Each as-synthesized
catalyst specimen was pretreated by heating to 500 °C at a rate of
5 °C/min in a flow of H2 (20mL/min) for 2 h. The sample was subse-
quently exposed to a N2/H2/CO2 mixture having a 5/4/1 molar com-
position (total flow of 50mL/min, space velocity = 30,000mL/g/h).
The reaction products generated at 300, 350, 400, 450, and 500 °C
were analyzed online using a gas chromatograph (Shimadzu GC-14B)
and employing an activated carbon column connected to a thermal
conductivity detector followed by a flame ionization detector equip-
ped with a methanizer. Each catalyst was held at the target tempera-
ture for 10min before checking the catalytic performance.

Computational methods
PDOS data were calculated using DFT with periodic boundary condi-
tions employing the CASTEP plane-wave-based program47,48. The
generalized gradient approximation exchange-correlation functional
proposed by Perdew, Burke, and Ernzerhof (PBE) was used together
with ultrasoft-core potentials49. The basis-set cutoff energy was set to
340 eV and the electronic configurations of the H, O,Mg, and Al atoms
were 1s1, 2s22p4, 2p63s2, and 3s23p1, respectively. A MgO (001) slab
model was generated by cleavage from a bulk crystalline structure
using lattice parameters of a = 8.9333, b = 8.9333 and c = 19.2112 and
lattice angles of α = β = γ = 90°. Each slab model contained a vacuum
regionwith a thicknessof 15 Å in the c-direction. EachPDOS calculation
and the associated mapping were performed following the geometric
optimization of the computational model during which all atoms were
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relaxed. The total spin density was mapped for each optimized com-
putational model using an isosurface value of 0.015 e/Bohr3.

Data availability
All data generated during this study are included in this article and its
Supplementary Information or are available from the corresponding
authors upon request.

References
1. Davis, S. J. et al. Net-zero emissions energy systems. Science 360,

eaas9793 (2018).
2. Turner, J. A. Sustainable hydrogenproduction.Science305, 972–974

(2004).
3. Staffell, I. et al. The role of hydrogen and fuel cells in the global

energy system. Energy Environ. Sci. 12, 463–491 (2019).
4. Ishaq, H., Dincer, I. &Crawford,C. A reviewonhydrogenproduction

and utilization: challenges and opportunities. Int. J. Hydrog. Energy
47, 26238–26264 (2022).

5. Armaroli, N. & Balzani, V. The hydrogen issue. ChemSusChem 4,
21–36 (2011).

6. Ma, N., Zhao, W., Wang, W., Li, X. & Zhou, H. Large scale of green
hydrogen storage: opportunities and challenges. Int. J. Hydrog.
Energy 50, 379–396 (2024).

7. Shih, C. F., Zhang, T., Li, J. & Bai, C. Powering the Future with Liquid
Sunshine. Joule 2, 1925–1949 (2018).

8. Khoobiar, S. Particle to particle migration of hydrogen atoms on
platinum—alumina catalysts from particle to neighboring particles.
J. Phys. Chem. 68, 411–412 (1964).

9. Li, M. et al. Hydrogen spillover as a promising strategy for boosting
heterogeneous catalysis and hydrogen storage. Chem. Eng. J. 471,
144691 (2023).

10. Shen, H., Li, H., Yang, Z. & Li, C. Magic of hydrogen spillover:
understanding and application. Green. Energy Environ. 7, 1161–1198
(2022).

11. Mahdavi-Shakib, A. et al. The role of surface hydroxyls in the
entropy-driven adsorption and spillover of H2 on Au/TiO2 catalysts.
Nat. Catal. 6, 710–719 (2023).

12. Shun, K., Matsukawa, S., Mori, K. & Yamashita, H. Specific hydrogen
spillover pathways generated on graphene oxide enabling the for-
mation of non-equilibrium alloy nanoparticles. Small. 20, 2306765
(2023).

13. Yang, R. T. & Wang, Y. Catalyzed hydrogen spillover for hydrogen
storage. J. Am. Chem. Soc. 131, 4224–4226 (2009).

14. Takabatake, M. et al. Dehydrogenative coupling of alkanes and
benzene enhanced by slurry-phase interparticle hydrogen transfer.
JACS Au 1, 124–129 (2021).

15. You, S.-H. et al. Enhanced durability of automotive fuel cells via
selectivity implementation by hydrogen spillover on the electro-
catalyst surface. ACS Energy Lett. 8, 2201–2213 (2023).

16. Prins, R. Hydrogen spillover. facts and fiction. Chem. Rev. 112,
2714–2738 (2012).

17. Shun, K. et al. Revealing hydrogen spillover pathways in reducible
metal oxides. Chem. Sci. 13, 8137–8147 (2022).

18. Mori, K. et al. Hydrogen spillover-driven synthesis of high-entropy
alloy nanoparticles as a robust catalyst for CO2 hydrogenation.Nat.
Commun. 12, 3884 (2021).

19. McDonough, W. F. & Sun, S. The composition of the Earth. Chem.
Geol. 120, 223–253 (1995).

20. Karim, W. et al. Catalyst support effects on hydrogen spillover.
Nature 541, 68–71 (2017).

21. Prins, R., Palfi, V. K. &Reiher,M.Hydrogen spillover tononreducible.
Supports J. Phys. Chem. C. 116, 14274–14283 (2012).

22. Masuda, S., Shun, K., Mori, K., Kuwahara, Y. & Yamashita, H.
Synthesis of a binary alloy nanoparticle catalyst with an immiscible

combination of Rh and Cu assisted by hydrogen spillover on a TiO2

support. Chem. Sci. 11, 4194–4203 (2020).
23. Shannon, R. D. Revised effective ionic radii and systematic studies

of interatomic distances in halides and chalcogenides. Acta crys-
tallogr. A 32, 751–767 (1976).

24. Rebours, B., d’Espinose de la Caillerie, J.-B. & Clause, O. Decoration
of nickel andmagnesiumoxide crystallites with spinel-type phases.
J. Am. Chem. Soc. 116, 1707–1717 (1994).

25. Hiremath, V. et al. Mg-ion inversion in MgO@MgO−Al2O3 oxides:
the origin of basic sites. ChemSusChem 12, 2810–2818 (2019).
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