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Electronic origin of hydrogen storage in MOF-
covered palladium nanocubes investigated
by synchrotron X-rays
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Hybrid materials composed of metal nanoparticles and metal-organic frameworks have

attracted attention for various applications because of the synergistic functionality between

their constituent materials. Interfacial interaction is expected however the mechanism

remains ambiguous. Here we report the valence bands of palladium nanocubes covered by

copper(II) 1, 3, 5-benzenetricarboxylate (HKUST-1), denoted as Pd@HKUST-1, and the

charge transfer from the palladium nanocubes to HKUST-1 at the Pd/HKUST-1 interface is

investigated quantitatively. Interfacial density of states are different from those of internal

constituents and imply that the Cu–O group in HKUST-1 acts as a charge accepter. The role of

Cu–O group in charge transfer behaviour is also observed experimentally. Finally, we reveal

the charge transfer mechanism from the Pd 4d bands to the Cu 3d (4sp) – O 2p hybridization

bands of HKUST-1 at the Pd/HKUST-1 interface, which explains the enhanced hydrogen

storage capacity in Pd@HKUST-1.
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Hybrid materials composed of transition-metal nano-
particles and metal-organic frameworks (MOFs) have
attracted interests increasingly because of their potential

applications in gas storage, catalysis and chemical sensing1.
However, the design of new hybrid materials remains a great
challenge in chemistry, physics and materials science on such a
small scale. The mechanism of interaction between the con-
stituent materials remains unclear. Recently, charge-transfer
behaviour has been shown to play an important role in the cat-
alytic activity and hydrogen storage properties of these materi-
als2–4. For example, the charge transfer behaviour of palladium
(Pd) nanocubes covered by copper(II) 1, 3, 5- benzene-
tricarboxylate (HKUST-1), denoted by Pd@HKUST-1, has been
shown to improve its hydrogen storage properties5,6. Hydrogen is
an essential component in many industrial processes and also a
potential clean energy source that does not emit air pollution or
greenhouse gases on burning7. As a representative metal/MOF
hybrid material, Pd@HKUST-1 is an important example for
studying the interaction between the constituent materials linked
with improved hydrogen storage, thus aiding the design of other
functional hybrid materials through rational modification of their
electronic structures.

Palladium nanoparticles can absorb large amounts of hydrogen
at ambient pressure and room temperature, which is related to
their electronic structures with unfilled bands8,9. The density of
states (DOS) of palladium is composed of Pd 4d bands and 5s
bands10,11. Theoretically, the hydrogen concentration in palla-
dium is only related to the number of holes in the 4d band,
because the transfer of H 1s electrons into Pd 4d holes creates
Pd–H bonds12,13. As a representative MOF, HKUST-1 has a
richly porous structure consisting of copper atoms interlinked
organic 1, 3, 5- benzenetricarboxylate (BTC) frame ligands14,15.
The electronic structure of HKUST-1 is mainly composed of two
partial DOS: one from Cu and the other from O16. In previous
studies, the core-level spectra of Pd@HKUST-1 were investigated
with laboratory X-ray photoelectron spectroscopy (XPS)5,13. The
core-level Pd 3d peak of Pd@HKUST-1 was shifted to a higher
binding energy compared with that of palladium nanocubes.
The core-level Cu 2p peak was shifted to a lower energy com-
pared with that of HKUST-113. Recently, a density functional
theory calculation has suggested that atomic charge displacement
occurs between palladium atom and copper atom at the interface
of palladium (100) surface and Cu-edged HKUST-117. These
results clearly imply the possibility of the charge transfer between
Pd and Cu at the Pd/HKUST-1 interface in Pd@HKUST-1. To
reveal the charge transfer behaviour, the valence bands and the
conduction bands near the Fermi level are more informative than
the core-level spectra. However, the electronic structure of
Pd@HKUST-1 near the Fermi level has not yet been experi-
mentally investigated.

In studying the electronic structure of Pd@HKUST-1 near the
Fermi level based on charge transfer, it is important to investigate
the valence bands of the transition metals, palladium and copper,
in bulk materials and at Pd/HKUST-1 interface. However, pho-
toelectron spectroscopy using UV light or soft X-rays provides
only a surface-sensitive electronic structure because of the short
probing depth. By contrast, with the use of hard X-rays photo-
electron spectroscopy (HAXPES), the kinetic energy of photo-
electrons can be enhanced, and the probing depth is much
greater18. Additionally, near-edge X-ray absorption fine structure
(NEXAFS) are equally applicable for determining the conduction
bands19. Both the total electron yield from surface electrons from
a nanometre-thick layer and the fluorescence yield from bulk
electrons from a layer hundreds of nanometres thick can be used
to distinguish the intrinsic signal from the surface contamination.

To reveal intrinsic electronic structure, we use HAXPES and
NEXAFS to analyse the electronic structures of Pd, HKUST-1 and
Pd@HKUST-1. Furthermore, we compare the observed valence
band of Pd@HKUST-1 with the simple physical mixing of the
spectra of Pd and HKUST-1 using the Kerkhof–Moulijn model to
analyse these spectra quantitatively20. To the best of our knowl-
edge, this work is the first study using HAXPES and NEXAFS to
investigate the electronic structure of Pd@HKUST-1, as opposed
to previous studies of the core-level spectra. The findings show
that the hydrogen storage properties of Pd@HKUST-1 can be
explained through the electronic structure near the Fermi level,
which arises from an interfacial charge transfer.

Results
Interfacial charge transfer from Pd 4d to Cu 3d in
Pd@HKUST-1 investigated by HAXPES. We used the same
samples as reported in the previous work5. Pd@HKUST-1 was
prepared by a facile reactive seeding method. As observed by
transmission electron microscopy (TEM), shown in Fig. 1a, Pd
nanocubes had an average edge length of 10 nm (±2 nm, error bar
from size analysis of TEM image). The flat {100} facets of Pd
nanocubes acted as the seeds for the HKUST-1 growth, such that
all the Pd nanocubes were completely covered by HKUST-1
MOF. The Pd nanocubes were dispersed homogeneously in
HKUST-1 of 3 nm (±2 nm) thickness, which was measured from
the distances between Pd nanocubes in Fig. 1a. To obtain the
intrinsic electronic structure with minimal influence from any
surface contamination, we used HAXPES at a photoelectron
energy of Ek= 5.95 keV to study Pd@HKUST-1, and compared
with the results of Pd nanocubes and HKUST-1. The probing
depths of Pd and HKUST-1 were 17 and 36 nm, respectively,
which are three times of the values of the inelastic mean free path
(IMFP) evaluated by the TPP-2M (Tanuma, Powel and Penn)
formula21. The deep penetration enabled us to obtain the intrinsic
electronic information from the interior of Pd@HKUST-1. After
subtracting a background intensity, the intensities were normal-
ized by the spectral area. Figure 1b shows the normalized
HAXPES valence band (VB) spectra of the Pd nanocubes,
HKUST-1 and Pd@HKUST-1. The valence-band spectrum centre
(using gravity centre) of the Pd nanocubes is closer to the Fermi
level than that of HKUST-1. The spectrum centre of
Pd@HKUST-1 is located between those of Pd nanocubes and
HKUST-1. This is related to the d-band centre and explained
after the following quantitative analysis. The VB spectrum of Pd
nanocubes shows three main peaks at 4.2 and 2.5 eV, and near
the Fermi level, corresponding to the DOS of Pd 4d in the fcc
palladium bulk10. However, despite the identical DOS, the
sharpness of the peaks shrinks in the Pd nanocubes. This is
possibly because size effects in the Pd nanocubes do not present
in the corresponding bulk materials22. The VB spectrum of
HKUST-1 shows features similar to CuO as shown in Fig. 1b (The
similarity of HKUST-1 to CuO is explained in Supplementary
Methods and Supplementary Figs. 1–3). The features come
mainly from Cu 3d bands23,24. The peak located at 7.5 eV in the
HKUST-1 spectrum, which is a typical feature of CuO bulk24,
indicates that Cu2+ of the HKUST-1 MOF has a similar elec-
tronic structures to that of CuO bulk. This is also consistent with
the divalent copper state Cu2+ of the HKUST-1 core-level spectra
as observed by laboratory XPS16,25. This is related to the for-
mation of bonds between copper and the organic groups of
ligands, such as Cu-OCO and Cu-OH2, in HKUST-114. In
the Pd@HKUST-1 VB spectrum, the feature of the Cu2+ peak at
7.5 eV becomes less distinct, which suggests that the electronic
states of Cu2+ are altered. This feature indicates that
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Pd@HKUST-1 is not merely a simple physical mixture of Pd
nanocubes and HKUST-1, but a synergy of these two materials.

To evaluate whether the properties of Pd@HKUST-1 arise
from the simple physical mixing of the Pd nanocubes and
HKUST-1, or from interaction between them, we first summed
the two separate spectra of the components, the Pd nanocubes
and HKUST-1. Then we compared the summed result with the
observed Pd@HKUST-1 spectrum to determine the extent of
deviation linked to the interaction between Pd and HKUST-126.
In order to apply appropriate weights to the separate Pd and
HKUST-1 spectra before summing them, it is necessary to
determine the relative intensities of Pd atoms and all the atoms of
HKUST-1 probed by the HAXPES measurement. Generally, the
intensity of the electrons emitted from the surface of a material is
expressed as follows20:

I ¼ Snσλ 1� e
t
λ

� �
: ð1Þ

Here, S is the surface area of the materials in the beam spot. n is
the atomic number of the measured elements. σ is the
photoionization cross section (PICS). λ is the IMFP of
the electrons. t is the thickness of the materials. Because of the
dispersion of the Pd nanocubes in HKUST-1, Pd@HKUST-1 can
be assumed to consist of sheets of HKUST-1 with the monolayers
of Pd nanocubes between them. Hence, it is suitable to use the
Kerkhof–Moulijn model of stacks of monolayers for the physical
summation of the respective spectra of the Pd nanocubes and
HKUST-1, shown in Fig. 1c. According to this model, the
Pd@HKUST-1 hybrid material can be considered to be layers of
the Pd nanocubes covered by the HKUST-1 sheets. The ratio of

intensities of the electrons from the Pd nanocubes to those from
HKUST-1 can be expressed as follows20:

IPd
IHK

¼ nPd
nCu

σPd
σCu

λPd
λHK

1� e
tPd
λPd

1� e
tHK
λHK

tHK

tPd

1þ e
tHK
λHK

2
: ð2Þ

Here, all the parameters are labelled as Pd and HK (Cu) to
distinguish the Pd nanocubes and HKUST-1. All the values of
these parameters for the Pd nanocubes and HKUST-1 are listed
in Table 127,28. The atomic ratios are estimated from the weight
ratio (23.7 wt.%) of Pd in Pd@HKUST-1, using the relative
molecular mass 658.9 for HKUST-1 (C18H12O15Cu3)14. For the
Pd nanocubes, the VB is mainly dominated by the Pd 4d bands.
For the HKUST-1, we evaluated all the elements according to
Eq. 1, which shows that the intensity is proportional to the atomic
ratio and the PICS (nσ). As shown in Table 1, the value of Cu 3d
is much greater than those of other states from the organic BTC
ligand of HKUST-1. Hence, the observed spectra for the Pd
nanocubes and HKUST-1 are predominantly from the Pd 4d and
Cu 3d electrons. Theoretically, the d-band centres of Cu 3d and
Pd 4d are 2.67 and 1.83 eV, respectively29. Experimentally, we
observed the valence-band centre of 4.37 and 3.02 eV in the Pd
spectra and HKUST-1 spectra, respectively, presented in the
spectra of Fig. 1b, which implies the dominated roles of Pd 4d and
Cu 3d in the spectra. Using these parameter values and Eq. 2, the
intensity ratio contributed by the Pd nanocubes and HKUST-1 is
0.66 (±0.03):0.34 (∓0.03). The error bar of the intensity ratio
depends on tPd and tHK. The intensity ratio ranges from 0.69:0.31

hv =5.95 keV

c

d

a

b

e–

e–
e–

e–

e–
HKUST-1

Pd nanocube

Pd@HKUST-1

Pd@HKUST-1

Pd + HKUST-1

Deviation

Cu2+ Cu+ Pd

10 8 6

Binding energy (eV)

4 2 0

c B A

Pd nanoparticles

Pd nanocubes

HKUST-1 /Pd:/HKUST–1=0.66:0.34

HKUST-1

CuO

10 8 6

Binding energy (eV)

4 2 0

In
te

ns
ity

 (
ar

b.
 u

ni
ts

)

In
te

ns
ity

 (
ar

b.
 u

ni
ts

)

10 nm

3 nm

Fig. 1 Charge transfer at the Pd/HKUST-1 interface investigated by HAXPES valence band. a TEM image of Pd@HKUST-1, where Pd nanocubes are covered
by HKUST-1. (scale bar: 20 nm) b Normalized HAXPES valence-band (VB) spectra of Pd nanocubes (green solid line), HKUST-1 (blue solid line) and
Pd@HKUST-1 (red solid line) referring to CuO (violet dashed line) at an incident energy of 5.95 keV, which show the Pd 4d states in Pd nanocubes and Cu
3d states in HKUST-1. c Kerkhof–Moulijn model of the monolayer stacks used to calculate the intensity of hard X-ray photoelectron spectroscopy for
Pd@HKUST-1. d Deviation (cyan area) of Pd@HKUST-1 HAXPES VB spectrum (red solid line) from the calculated VB spectrum (black dot-dashed line)
created by summing the partial HAXPES VB spectra of Pd nanocubes (green dotted line) and the partial HAXPES VB spectrum of HKUST-1 (blue dotted
line) according to the Kerkhof–Moulijn model
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to 0.63:0.37 for 8 ≤ tPd ≤ 12 nm and 1 ≤ tHK ≤ 5 nm (Supplemen-
tary Methods and Supplementary Table 1).

The summed spectrum according to the ratio above is shown
as a black dotted dash line in Fig. 1d. The observed Pd@HKUST-
1 spectrum and the partial spectra of the Pd nanocubes or
HKUST-1 are also plotted for comparison. Then, the deviation of
the simply summed spectrum from the experimental spectrum is
shown in the cyan region, which indicates an electronic
interaction between the Pd nanocubes and HKUST-1, instead
of a simple physical mixture of the two. The deviation can be
separated into three parts, marked as A, B, and C, which is robust
even considering the error bar of sample size (Supplementary
Methods and Supplementary Fig. 4). As discussed above, the
Pd@HKUST-1 spectrum is dominated by Pd 4d near the Fermi
level. Here, the negative deviation marked by A means a reduced
contribution from the electronic states of the Pd nanocubes
compared with the simple summation, which implies a lower
occupancy of Pd 4d near the Fermi level due to a charge transfer.
If the electron density is transferred from donor Pd nanocubes,
HKUST-1 is possible to act as an electron accepter, which should
show the features of Cu+. Actually, two features arise in the

deviation curve. One is a clear feature marked by C, which is
consistent with the Cu 3d9 states in CuO (Cu2+)24. The other is
the positive deviation of B near the Fermi level, which indicates
the presence of a Cu+ (3d10) configuration24, due to the charge
transfer from the palladium atoms to the copper atoms. The
above-mentioned results demonstrate that the electrons are
transferred from the Pd nanocubes to HKUST-1 and absorbed
by the Cu–O couple.

Interfacial states of Pd@HKUST-1 revealed by the DOS cal-
culation. To investigate the reason for this deviation of VB
spectra, we calculated the DOS for all the elements of the
Pd@HKUST-1 using a density functional theory (DFT) method.
We used a periodic palladium (100) slab model with three layers
and simplified the HKUST-1 MOF ligand BTC to 1,4-benzene-
dicarboxylate (BDC), denoted by s-HKUST-1, and then set up an
interface model of these two as shown in Fig. 2a (The detailed
process is explained in Supplementary Methods and Supple-
mentary Figs. 5–6). The atomic arrangement at the interface was
set to be Pd-Cu-O, which is more stable than the Pd-O
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Table 1 Parameters used for the Kerkhof-Moulijn model

λ (nm) t (nm) element n Bands σ (10−21 cm2) nσ

Pd nanocubes 5.69 10 ± 2 Pd 1 Pd 4d 33.71 33.71
HKUST-1 11.89 3 ± 2 Cu 1.56 Cu 3d 5.21 8.13

C 9.36 C 2p 0.04 0.41
H 6.24 H 1s 0.08 0.41
O 7.80 O 2p 0.35 2.75

t the material thickness, λ the inelastic mean free path (IMFP), n the atomic ratio, σ the photoionization cross section (PICS)
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interface17. All the total DOS of the Pd@s-HKUST-1, Pd (100)
slab and s-HKUST-1 are shown in Fig. 2b. On the basis of the
calculated work function, the respective positions of the DOS for
the three materials are similar to those in the observed spectra.
The Pd@s-HKUST-1 DOS shifts 0.454 eV further from the Fermi
level. The shift is greater than 0.2 eV that was observed in the
experimental spectrum, because the model of Pd@s-HKUST-1
used in the calculations only includes the atoms near the inter-
face. Focusing on the Pd@HKUST-1 interface, we calculated DOS
of the atoms at the Pd/s-HKUST-1 interface and compared the
results from atoms in each material. The partial DOS for Pd 4d,
Cu 3d and O 2p is plotted in Fig. 2c–e, with the deviation of
interfacial states from internal states. For Pd 4d, in Fig. 2c, the
profile shape shows little change. However, there is a clear
decrease of density of states near the Fermi level. The negative
deviation near the Fermi level corresponds to the region A in
Fig. 1d. Comparing to the internal Cu states in Fig. 2d, the
interfacial Cu states deviate positively in the range of −3 ~
−1 eV, consistent with region B in Fig. 1d. Unfortunately, we
could not find a deviation similar to region C here. Because there
are unfilled states in Pd 4d near the Fermi level, but Cu 3d is fully
filled, it is impossible for electrons to transfer from Pd to isolated
Cu. We have to consider the linked oxygen. Actually, we found
the shape of partial DOS of interfacial O 2p is different from that
of internal O 2p in Fig. 2e, which can be caused by the interaction
of Pd, Cu, and O. Considering the interaction of Cu and O, we
merged the two partial DOS in Fig. 2f, which provides more
unfilled states in the hybridized states. Then, we found the similar
deviation between the interfacial and internal states at −1 and
−7.5 eV, corresponding to the region B and C in Fig. 1d. Now, we
confirm the deviation we observed in the HAXPES VB derives
from the interface and the necessity of oxygen in the behaviour.

The role of oxygen in charge transfer revealed by NEXAFS. As
discussed above, oxygen also participates in the charge transfer
behaviour. To determine the relationship between copper and
oxygen, here we measured the NEXAFS of the Cu L edge and O K
edge in Fig. 3 for Pd@HKUST-1 and HKUST-1. The Cu L edge
was obtained while Cu 2p electrons absorbed the photon energy
and were then excited into unoccupied 3d states and the O K edge
corresponds to the 1s electrons excited to empty 2p states.
Because Cu directly binds to O atoms14, here we chose CuO and
Cu2O as references in Fig. 3c, d. In Fig. 3a, the observed Cu L-
edge features of Pd@HKUST-1 suggest the strong hybridization

between the Cu 3d and O 2p orbitals19, which reduces the d-
electron number from the Cu 3d10 configuration. The L3 and L2
peaks of HKUST-1 has the same peak position as CuO (Fig. 3c),
consistent with a previous report of HKUST-1 with a divalent
Cu2+16. Similar to CuO with a typical octahedron structure, the
Cu and O atoms in HKUST-1 form as two connected distorted
octahedra (Fig. 3a inset). While the Pd nanocubes was sur-
rounded by the HKUST-1 in the structure, only the interfacial
Cu2+ was reduced to Cu+, roughly speaking, as the result of the
Cu-O hybridization change. The coexistence of Cu2+ and Cu+

states in Pd@HKUST-1 leads to a peak located between the peak
of Cu2+ and that of Cu+. According to the interfacial structure,
3 nm-thick HKUST-1 (lattice constant is 2.6 nm) is only one layer
with more than half amount of copper atoms at the interface.
However, the peak shift of Pd@HKUST-1 is less than half
between Cu2+ and Cu+. This may be related to the weak
reduction of the Cu-O bond because of the transferred electrons
on the hybridization bands. In other words, the copper is slightly
less positive and the oxygen is slightly less negative. In Fig. 3b,
both O K-edge spectra of Pd@HKUST-1 and HKUST-1 contain
two regions, the sharp π* region around 525.5 eV and the broad
σ* region around 540.5 eV. Considering the local atomic structure
around O, the π* region derives mainly from electrons excited
into the O 2p orbitals that are hybridized with Cu 3d and the σ*

region derives from electrons excited into the O 2p orbitals that
are hybridized with Cu 4sp and C 2sp. On the basis of previous
researches19,30–32, the peaks are distinguished and marked by red
arrows for those related to Cu and by grey arrows for the peaks
related to C. The main features at 525.5 and 540.5 eV are also
explained in Supplementary Methods and Supplementary Fig. 7.
Compared with the CuO and Cu2O references (Fig. 3d), the peak
position of the HKUST-1 O K edge was different from that of
CuO because O connects not only with Cu but also with C
(Fig. 3a inset). For Pd@HKUST-1, the energy value of the first
peak shifts by 0.4 eV comparing with HKUST-1, which is much
lower than the shift value of CuO to Cu2O, 2.1 eV. This is
attributed to the amount of the interfacial oxygen binding with
copper. Thus, the charge transfer from Pd 4d to the Cu–O
hybridization bands is only at the interface region. Considering
the atomic structures of HKUST-1, there are probably two kinds
of atomic connections at the interface, Pd–Cu–O and Pd–O–Cu.
This means there are Cu–O features and/or Pd–O features
appearing in the NEXAFS spectra. We also measured the O K
edge of the standard PdO reference (Supplementary Methods
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and Supplementary Fig. 8), which is the same as the calculated
result33. The O K edge NEXAFS spectra of Pd@HKUST-1 showed
only features from Cu-O, without the features of Pd-O. Finally,
the NEXAFS spectra confirmed the involvement of oxygen in the
charge transfer behaviour of interfacial Pd–Cu–O atomic
structure.

Discussion
As shown above, the electronic states of the Pd nanocubes near
the Fermi level are mainly composed of Pd 4d band. The
HKUST-1 electronic structures indicate the occurrence of Cu 3d-
O 2p hybridization. Different from the Cu 3d band with fully
filling, the Cu-O hybridization bands are not fully filled, which
produces unsaturated bands near the Fermi level. While the two
materials are composited to form the Pd@HKUST-1 system,
some electrons of the Pd 4d bands near the Fermi level transfer to
the Cu-O hybridization bands at the Pd/HKUST-1 interface, as
illustrated in Fig. 4. This transfer generates holes in the Pd 4d
band. When hydrogen is absorbed by the Pd nanocubes, the holes
together with unfilled Pd 4d bands are filled by the H 1s electrons,
and then the Pd-H chemical bonds form8,34. Experimentally,
Pd@HKUST-1 absorbs much more hydrogen than the Pd
nanocubes9, which has unfilled bands only above the Fermi level.

The electron transfer from the Pd 4d band creates holes in the
electronic structure of the Pd nanocubes, which are essential to
the hydrogen absorption behaviour. The hole ratio was evaluated
quantitatively by comparing the amount of electron transferred
from Pd 4d with the total amount of Pd 4d electrons. The amount
of transferred electrons from Pd 4d was calculated by integrating
the deviation region marked as A in Fig. 1d. The total amount of
Pd 4d electrons can be calculated by integrating the entire Pd VB
(green dotted line in Fig. 1d). Then, the value of the transferred
electron (or created hole) ratio is approximately 2% (Supple-
mentary Methods and Supplementary Table 2). Using the same
method for the B region and C region and comparing the entire
HKUST-1 VB (blue dotted line in Fig. 1d), the values related to B
and C are similar, 6% (Supplementary Methods and Supplemen-
tary Table 2), which confirms the acceptance of electrons in

HKUST-1 and the reduction of Cu2+ to Cu+. Considering the
fluctuations arising from the standard deviation of the spectrum
and the energy resolution, it is reasonable that roughly 4 ± 2% of
the electrons are transferred from Pd 4d bands to Cu–O hybri-
dization bands. The hydrogen capacity of Pd@HKUST-1,
improved due to the charge transfer behaviour, can be evaluated
semi-quantitatively using the calculated Pd 4d DOS (Supple-
mentary Methods and Supplementary Fig. 9). The integrated
DOS is considered to correspond to the ten electrons in the 4d
bands for each palladium atom11. Once one electron is trans-
ferred from the Pd 4d band, corresponding to a 10% reduction in
the DOS, the donor palladium atom performs as Pd+. In
Pd@HKUST-1, the 4 ± 2% electrons transferring from Pd 4d
suggest the Pd valence in Pd@HKUST-1 as Pd0.4+, which creates
holes in Pd 4d bands for the additional hydrogen absorption of
0.4H per Pd atom. It is similar to the amount of hydrogen
absorption, 0.5H per Pd atom5. The summed two contributions
from the bands below and above the Fermi level in Pd@HKUST-1
lead to the increased hydrogen capacity that is approximately
twice that of Pd nanocubes.

This mechanism implies that we can improve the hydrogen
storage of hybrid materials by enlarging the interfacial charge
transfer between the d-electron transition metal and the organic
MOF, the latter of which contains transition metal-oxygen bands.
Increasing the specific interface area will favour the hydrogen
storage by enhancing the charge transfer at the interface. More-
over, charge transfer behaviour is not only relevant to hydrogen
storage, but also to other properties such as catalytic activity. For
example, the binding energy shift of Zr 3d in a Cu/Zr-based MOF
catalyst implies that the enhanced the conversion of CO2 to
methanol with 100% selectivity is related to the similar charge
transfer behaviour3. The temperature at half conversion (T50) of
composites of Pt and various kinds of MOFs for CO was found to
be related to the different binding energy shift of Pt 4f7/24. A Pt/
Fe-based MOF composite with organic groups of different
selectivities featured the binding energy shifts of Pt 4f, Fe 2p and
O 1s2, which indicated the same mechanism as that of this work.
This charge transfer mechanism confirms the considerable
potential of transition metals and MOFs as new heterogeneous
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Fig. 4 Schematic of charge transfer from Pd nanocubes to HKUST-1 at the interface. a Pd@HKUST-1 structure and the magnification of the interfacial charge
transfer behaviour. b Change of electronic structures at the composite interface corresponding to the charge transfer process and the hydrogen abosorption
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catalytic materials. For the hydrogen storage or catalyst beha-
viour, there are two advantages in metal/MOF composites: (1) the
new interface between a d-electron transition metal and a metal
oxide provides more flexible unoccupied bands for chemical
reactions; (2) the pore structure of MOF makes the interface area
exposing to the reaction gas directly because of no solid materials
covering on the interface. On the basis of these features, we can
develop the new metal/oxide interface for the hydrogen storage
and catalyst activity. For this purpose, more advanced technolo-
gies are required to realize the sharp interfacial structures, the
smaller size of metal nanoparticles, the thinner MOF between
nanoparticles, and the homogeneous coverage. Such nanos-
tructures would enable to improve effective synergistic func-
tionality of the metal/MOF materials, such as activation energy of
hydrogen, carbon dioxide emission and so on. This under-
standing will drive progress in the creation of new functional
materials for hydrogen storage, catalysis and other applications.

In summary, we compared the observed VB of Pd@HKUST-1
with the physical mixing spectrum of the Pd nanocubes and
HKUST-1 using the Kerkhof–Moulijn model for quantitative
analysis. There is a deviation between the observed and the
simulated spectrum. This implies the interaction between the Pd
nanocubes and MOF (in particular, Cu and O in MOF) at the
interface. To understand deviation, we calculated the DOS of
Pd@HKUST-1 composite in the framework of the density func-
tional theory and evaluated the deviation of the interfacial Pd 4d,
Cu 3d and O 2p DOS from the internal DOS, which were con-
sistent with the HAXPES results. Furthermore, NEXAFS results
provided evidence for an interaction between Cu 3d and O 2p. In
conclusion, our results imply that charge transfer occurs from Pd
4d bands to the hybridization bands of Cu and O in HKUST-1 at
the Pd/HKUST-1 interface, which causes the enhanced hydrogen
storage in the hybrid material Pd@HKUST-1 compared with that
of the Pd nanocubes.

Methods
HAXPES. HAXPES measurements were performed at the National Institute for
Materials Science (NIMS) beamline BL15XU at SPring-8. A high-resolution
hemispherical electron analyser (VG Scienta R4000) was used. The photon energy
was set at 5.95 keV. The angle between the objective lens-axis of the analyser and
photon propagation direction was fixed at 90° in the horizontal plane. The total
energy resolution was estimated to be 0.24 eV by measuring the Fermi cut-off of an
evaporated Au thin film. The binding energy referred to the Fermi level of the Au
film. For spectral measurements of the nanomaterials, a commercial carbon powder
was mixed with the samples to enhance the conductivity. The commercial carbon
was also measured as referenced background and subtracted from the spectra later.

NEXAFS. NEXAFS data were recorded at BL12, SAGA Light Source. Commercial
equipment (ULVAC–PHI ESCA 1600) with a total electron yield mode and a
fluorescence yield mode was used to collect spectrum. The total electron yield
mode probed the materials of the order of several nanometres and was used for
studying of nanomaterials. The probing depth for the fluorescence yield mode was
of the order of 100 nm, and this was used for the bulk reference samples. The
photon energy resolution was ~0.1 eV.

Calculation. Calculations were performed with the DMol3 software package based
on density functional theory35. The generalized gradient approximation with
Perdew-Burke-Ernzerhof functional was used to describe the exchange-correlation
interaction36. Double numerical plus polarization basis sets were employed. Core
electrons were treated by the effective core potential of Stuttgart-Dresden group37.
The convergence criteria for energy, maximum force, and displacement were set as
2 × 10−5 Ha, 0.004 Ha/Å, and 0.005 Å, respectively. Atomic charges were estimated
using Hirshfeld population method38. A periodic Pd slab model with three layers of
(100) planes with a (4 × 5) unit cell including sixty palladium atoms was used. The
ligand, 1,3,5-benzenetricarboxylate (BTC), in the HKUST-1 was simplified to 1,4-
benzenedicarboxylate (BDC). Then, HKUST-1 was simplified to C32H16O16Cu6.
For the interface model of Pd@s-HKUST-1, there was a Pd:Cu:O:C ratio equal to
12:4:8:4 at the interface, unlike the Cu:O:C ratio of 2:8:4 in HKUST-1.

Samples. Except for the main samples, there are also samples as reference included
for the data analysis. During HAXPES experiment, we observed Cu bulk, CuO and
Cu2O powders as the reference samples. During NEXAFS experiment, we observed

CuO, Cu2O, PdO, and benzene-1,3,5-tricarboxylate (BTC) powders as the refer-
ence samples. The Cu bulk was standard sample prepared by the synchrotron
beamline BL15XU, SPring-8. CuO, Cu2O and PdO, and BTC powders were all
purchased from Aldrich company. CuO powders are nanoparticles with particle
size below 50 nm. The purity of the anhydrous Cu2O powders is ≥99.99%. The
purity of PdO powders is ≥99.97%. The purity of BTC is above ≥99.99%.

Data availability
The datasets that support the findings of the current study are available from the cor-
responding author on reasonable request.
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