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Abstract
Hybrids based on the copper-based metal–organic framework HKUST-1 and graphene-like
materials (GL) have been synthesized at different concentrations of GL, and investigated by means
of solid state nuclear magnetic resonance (ssNMR) and x-ray absorption techniques (NEXAFS and
XANES) with the aim of elucidating the effect of the hybridization on the structural properties of
HKUST-1. The comparative analysis of ssNMR and x-ray absorption spectra recorded on parent
materials (GL and pure HKUST-1) and on the hybrids indicates that the overall structural features
of HKUST-1 are preserved in the presence of increasing GL amounts (up to 30 wt.%) and confirms
that the framework development is not massively altered by the presence of graphene-related
materials (GRMs) in the synthetic medium.

1. Introduction

Metal–organic frameworks (MOFs) are highly porous crystalline materials self-assembled by coordination
bonds between metal ions (or metal clusters) and organic linkers with a very broad application array [1]. The
integration of MOFs and functional materials as graphene-related materials (GRMs) is gaining an increasing
interest [2–7] both in consolidated topics (gas storage and separation [8, 9], catalysis and photocatalytic
applications including the degradation of pollutants [10–12], electrochemical applications [13, 14], gas
sensing [15]) and in emerging fields (electrochemical sensors [16], energy storage [17, 18], microwave
adsorption [19], corrosion resistance [20], and solid-phase microextraction [21]).

Such interest in GRMs as possible carbon-based components in MOF hybrids raises from their unique
structure, low toxicity in most cases, and excellent electronic, thermal, electrochemical, and mechanical
properties [22]. The presence of heteroatom-containing functional groups and sp2 aromatic domains
enambls GRMs to participate in coordination bonding with metal ions, influencing the growth of MOF
crystal leading to structures beneficying the interaction between MOF and GRM [2, 5, 6]. Graphene (G),
graphite oxide, graphene oxide (GO), reduced graphene oxide (rGO) and multiwalled carbon nanotubes
(MWCNTs) are the most used materials of the wide GRM family. Carbon black, coke, carbonized/pyrolyzed
wastes are alternative sources of GRMs both few-layered and multi-layered, as well as bio-precursors and
biomasses transformed through many approaches (thermal methods, chemical activation, hydrothermal
methods, template-based confinement method and combined approaches) [23–31]. Given this high
variability, the quality and the characteristics of the GRMs are highly influenced by the nature of the
precursor and the production technique adopted. MOF/GRMs hybrids are promising structures since
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synergistic effects between most relevant properties of MOF (such as controlled porosity, selectivity, catalytic
activity) and the GRMs properties (such as electric conductivity, broadband light absorption, mechanical
stability) [2, 5, 6] can be achieved. The presence of GRMs in MOF-based hybrids allows for: (i) the formation
of a conductive bridge for electron transfer; (ii) an improved stability; (iii) structure distortion and
modifications; (iv) an enhanced phase dispersion; (v) synergistic effects; (vi) an increased availability of
active sites and (vii) larger specific surface areas [2, 5, 6]. The mechanisms involved at the interface between
the MOF and GRMs are not completely understood, and the full description and modeling of these systems
is still a challenging topic that needs advanced diagnostic techniques. Indeed, if the realization of MOFs
composites with GRMs surely enhances the stability of MOFs and some key properties such as electrical
conductivity and catalytic activity, it is not obvious how the interaction with GRMs affects the structural
properties of MOFs. On this topic, different results have been so far reported, depending on the synthesis
method and parameter and on the specific choices of parent MOF and GRM. The preservation of MOF
crystal structure or the formation of well-structured nanocomposites have been often reported; conversely,
some works report dramatic changes in the MOF structure, and the formation of disordered
nanocomposites, the occurrence of structural changes and consequent order-disorder transitions, unregular
growth of MOF in carbonaceous sheets triggered by coordination of metal ions with GRM functional groups
(see reviews in [6, 32, 33]). Therefore, the observation of macroscopic physicochemical properties cannot be
directly associated to microscopic information, and a deeper knowledge of specific realized composites
requires to employ appropriate characterization techniques able to achieve structural, electronic, and
spectroscopical information.

Solid state nuclear magnetic resonance (ssNMR) is a valuable spectroscopic technique for MOF
characterization and can be considered as complementary to x-ray dif-fraction (XRD) methods [34–36].
ssNMR allows for identifying structural parameters (including distance measurements) as well as detecting
dynamical effects, thanks to its high sensitivity to local structure around the nucleus of interest, without any
requirement for longer-range order [34–36]. 1H and 13C magic-angle spinning (MAS) NMR experiments on
MOF are mainly used to confirm the incorporation of organic linkers and to verify their functionalities and
their local order when involved in the framework, to follow dehydration/desolvation processes and to
monitor the adsorption of organic guest species [34–37]. Moreover, ssNMR experiments allow for collecting
information on host–guest interactions determining the flexibility as well as adsorption-induced structural
changes of the host, the mobility of the host lattice as well as the mobility of the adsorbed species [35–37].
For example, ssNMR has been employed for studying the interactions of HKUST-1 with water [38],
ammonia [39], CO and CO2 [40], and NO [41].

On MOFs, x-ray absorption techniques have been mainly employed to probe the oxidation state of metal
ions (Cu or Ni, for example), in order to investigate some specific properties such as the features of metal
defective site, the effects of thermal treatments or x-ray exposure, the role of chemical species in catalytic
activity [42–44].

Near-edge x-ray absorption fine structure (NEXAFS) and x-ray absorption near edge structure (XANES)
spectroscopies probe electronic transitions from the deepest core-shell (the K-edge) of an atomic species
involved in molecular orbitals to intra-molecular and extra-molecular higher-energy states. The excitation of
core electrons into unoccupied or continuum states causes the absorption of incident x-rays, which can be
measured as a function of the energy of the incident photon. The analysis of distinctive features in the
adsorption spectra (typically up to 50 eV above the K-edge), and of their differences in the comparison of
different samples, makes NEXAFS and XANES powerful structural tools providing information on the
electronic structure and on the chemical environment of the absorber species [45].

Few reports are present about ssNMR and x-ray absorption measurements on MOF-based hybrid
materials. In such cases, NEXAFS measurements are mainly devoted to the characterization of valence states
or conduction bands associated to metallic species [44, 46]. Jagódka et al try to investigate the influence of
the type of GRM and synthesis parameters on the physicochemical properties of HKUST-1/GO and
HKUST-1/rGO by standard characterization techniques (x-ray diffraction, scanning and transmission
electron microscopy, Fourier transform infrared spectroscopy, thermogravimetric analysis) and x-ray
photoelectron spectroscopy [47].

In this paper, graphene-like materials (GL), short stacked graphenic layers with lateral dimensions
around 50 nm [48] obtained through a chemical destructuration of a nanostructured carbon black [49] have
been selected as GRM, being water-stable and thus compatible with the synthesis via wet chemistry. The GL
and its characteristics were widely described elsewhere [48–57]. The GL small dimensions and the presence
of oxygen functional groups (mainly carboxylic and carbonyl groups located at the edges of the graphenic
layers [50, 51]) limit aggregation phenomena allowing high colloidal stability in a wide pH range, from 3 to
14, without the use of any surfactant [50]. The capacity to produce stable water suspensions makes GL good
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candidates for the production of hybrid materials through wet chemical approaches [7, 52–54] and
processing by sophisticated deposition techniques (inkjet printing and MAPLE) [55, 56]. The presence of
intact graphenic basal planes within GL materials ensures good thermal, optical and electrical conductive
properties [49, 50, 57]. GL materials exhibit also low toxicity towards eukaryotic cells [56], antimicrobial
activity [58] and a proven biocompatibility on a vertebrate model [48].

HKUST-1, despite the difficulties of the investigation via ssNMR, related to the paramagnetic nature of
copper ions, has been selected as MOF structure because it is one of the most studied MOFs and thus
because it represents a benchmark.

In this work, ssNMR was applied comparatively to x-ray absorption techniques to investigate HKUST-1,
GL and three hybrids obtained by combining GL and HKUST-1. Two hybrid materials were obtained
allowing the growth of the HKUST-1 framework in the presence of 15% and 30% GL amounts. The GL wt.
percentages of the investigated hybrid compounds were chosen according to our study on dc electrical
conductivity on these materials [7], as the ones which determined a detectable electrical conductivity
compared to the insulating HKUST-1 parent compound, but still much lower (6–7 orders of magnitude)
than pure GL, and before the steep increase of such conductivity value close to the pure GL one for slightly
higher percentage of GL inclusion. Also, for these hybrid compositions we measured a pore volume still not
smaller then 2/3 of the ‘original’ pore volume of the pure HKUST-1, while already at 40% GL the pore
volume was less than half of that of HKUST-1 [7] (making the hybrids with higher GL amount less
interesting for many applications).

2. Materials andmethods

All chemicals were purchased from Sigma-Aldrich S.r.l. (ACS grade) and used without further purification.
Carbon black (CB, furnace black, N110 type, 15–20 nm primary particles diameter) was kindly provided by
Sid Richardson Carbon Co.

2.1. Samples synthesis
GL were obtained applying a two-step synthetic strategy described in previous works [49, 50]. The synthetic
procedure is reported in the supporting information section.

Cu-HKUST-1 was produced applying the synthetic approach reported in [8] and reported in the
supporting information. The hybrid materials named HKUST-1/GL-15, and HKUST-1/GL-30 (where 15 and
30 stand for the theoretical GL percentage incorporated, that is 15 and 30 wt.%, respectively) were prepared
in accordance with the synthetic approach reported in [7, 8]. To prepare hybrid materials containing growing
amounts of incorporated GL, the following amounts of GL as water suspension (2.5 mg ml−1 as mass
concentration) were mixed with the DMF/ethanol mixture already containing 1 g of Cu(NO3)2 · 2.5 H2O,
0.5 g of BTC: 105 mg and 210 mg of GL for the preparation of HKUST-1/GL-15 and HKUST-1/GL-30,
respectively.

2.2. Methods
ssNMR measurements were performed at the Slovenian NMR Center in Ljubljana Varian 600 MHz VNMRS
spectrometer equipped with a 3.2 mm HXMAS probe was used for the acquisition of 1H and 13CMAS, and
1H–13C cross-polarization magic-angle spinning spectra. The instrument was operated under the
experimental parameters reported in [53] and briefly reported in the supporting information section.
XANES experiments were carried out at the XAFS beamline at Elettra Synchrotron (Basovizza, Trieste, Italy)
[59]. Copper K-edge absorption spectra on HKUST-1, GL materials, and HKUST-1/GL hybrid materials, as
well as on CuO and Cu2O used as reference, were collected in the energy range from 8780 eV to 10 000 eV
with an energy step size of 0.2 eV around the absorption edge, in transmission mode with a standard
ionization chambers for the detection of intensities, using Si(111) monochromator calibrated to the
first-derivative maximum of the K-edge absorption spectrum of a metallic Cu foil (8979 eV). The samples
were prepared by gentle pressing the powders between Kapton® tape.

X-ray photoemission spectroscopy (XPS) and NEXAFS measurements were performed at the materials
science beamline, Elettra synchrotron (Basovizza, Trieste, Italy), in an ultra-high vacuum chamber with a
base pressure of 2× 10−10 mbar. For XPS, the chamber was equipped with a dual Mg/Al x-ray source and a
Súpecs Phoibos 150 hemispherical energy analyzer. Al Ka radiation (1486.6 eV) was used to measure the core
levels of C 1s and Cu 2p, with total resolutions of 1 eV for both acquisitions. NEXAFS measurements were
performed in the Auger-electron yield mode near the C-edge at less than 0.4 eV resolution.
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Figure 1. 1H-NMR spectra of HKUST-1/GL-15 and HKUST-1/GL-30. The spectrum of HKUST-1 is also reported for
comparison.

3. Results and discussion

The morphology, crystallinity, and thermal stability were checked for the parent material HKUST-1 and the
hybrids. The obtained results were in line with those of previous preparations [7, 8]. The reliability and
reproducibility of the synthesis method as well as the study on how much GL was included into the
HKUST-1 structure was addressed in [7, 8], finding that a complete incorporation of the carbonaceous layers
into the hybrids was obtained, without significant loss of materials. For the sake of completeness, these
results are reported as supporting information material.

In figure 1, the 1HMAS spectra of HKUST-1 and of the hybrids are contrasted. The spectra are
normalized to the maximum height and vertically shifted for clarity.

The central peak of the HKUST-1 1HMAS spectrum at 7.93 ppm is ascribable to the ring protons of the
linker (BTC), while the peak around 12 ppm is due to adsorbed water; the presence of adsorbed water causes
a shift of the signal of BTC protons to lower chemical shifts compared to the value reported by other authors
[39, 40]. The features of 1HMAS spectra on HKUST-1 are essentially preserved in HKUST-1/GL-15 and
HKUST-1/GL-30 spectra (with only a slightly lower chemical shift on HKUST-1/GL-30). The similarity of
these spectra indicates a similar chemical and electronic environment for hydrogen atoms in the pristine
MOF and in the hybrids. This result is consistent with the fact that XRD measurements (reported in the
supplemental materials) reveal that the framework structure is unperturbed by the inclusion of GL.

In figure 2, the 13CMAS spectrum of HKUST-1 and those of the hybrids are contrasted. The spectrum of
GL is reported for comparison. Spectra have been vertically shifted for clarity. The signals in the 13CMAS
spectrum of HKUST-1 have been assigned in accordance with the work of Dawson et al [38] as follows: the
signal at−80.9 ppm was assigned to the carboxylate (CO2

−) group of the linker coordinated to the metal
center (Cu2+), the sharp signal at 229.7 ppm to the aromatic carbons bearing a H (C=CH), the broad signal
around 800 ppm to quaternary carbons within the aromatic ring of the linker. The other small signals in the
spectrum were classified as sidebands or impurities belonging to the synthetic medium.

The 13CMAS spectra of the hybrids exhibit the same peaks of HKUST-1, but with the increase of GL
loading the intensity of the peaks overlapping between 80–180 ppm ascribable to the graphitic network of GL
[53] also increases. A little shift of the peaks ascribable to the framework components in the spectra of the
hybrid compared to that of HKUST-1 was sometimes detected and related to the presence of adsorbed water
molecules. In accordance with [40], water adsorption has a strong effect on the carboxylate carbon resonance,
which is shifted to a higher frequency because water coordinated to copper changes the coordination
geometry from square-planar to square pyramidal, which affects the electronic configuration of copper [40].

C K-edge NEXAFS spectra recorded on all the investigated samples are reported in figure 3. Spectra have
been vertically shifted for clarity. The peak resonances in the absorption pre-edge spectral region (photon
energies below the ionization step) on HKUST-1 and hybrids exhibit quite different structures. At the lowest
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Figure 2. 13C-NMR spectra of HKUST-1/GL-15 and HKUST-1/GL-30. Spectra of HKUST-1 and GL are also reported for
comparison.

Figure 3. Comparison among the C K-edge NEXAFS spectra recorded on HKUST-1/GL-15 and HKUST-1/GL-30. The spectra of
HKUST-1 and GL are also reported for comparison; some spectral features are highlighted and numbered accordingly with the
description in the main text.

energy side, the NEXAFS spectrum of HKUST-1 shows a sharp resonance at 284.8 eV (identified as peak 1 in
figure 3) and a second very sharp peak at 288.4 eV (peak 4). The latter constitutes the dominant feature in
the spectrum (as well as in the spectra of hybrid materials).

In the NEXAFS spectrum of the GL, this second resonance is preserved, even if the correspondent peak is
much more broadened than in HKUST-1, and it is no longer the highest peak. On the contrary, the lowest
energy peak at 284.8 eV is still present but as a shoulder of a more intense peak located at higher energy,
286.0 eV (named peak 2); as for peak 4, also peak 2 is characterized by a width larger than the spectral
maxima recorded on HKUST-1. A spectral feature corresponding to peak 2 can also be observed in the
NEXAFS spectrum of HKUST-1, but here it is much less intense and defined, included between the two main
peaks together with some other minor spectral structures between 286.6 eV and 287.4 eV.

Both peak 1 at 284.8 eV and peak 2 at 286.0 eV originate from C1s→ π∗ transitions, electronic
excitations of carbon 1s core electrons to the first unoccupied anti-bonding molecular orbital. In particular,
peak 1 can be ascribed to C=C C1s→ π∗ transitions [60–64]. In this respect, its larger broadening in GL
spectrum, where it appears as a shoulder and seems to extend to higher energies, partially covered by peak 2,
is an effect of the higher structural disorder in GL than in the MOF; in addition, for graphitic and graphenic
sp2 carbon, such transition is often reported at energies around 285 eV or slightly higher, therefore making
expectable the observed width of this spectral feature in GL spectrum [61–64]. Peak 2 could be assigned to
C=C, C=O, C=N 1s→ π∗ or C–O 1s→ σ∗ excitations [60, 62, 63, 65]; its intense and broad character in
GL NEXAFS spectrum is likely a signature of the contribution of the different functional groups
characterizing the surface of this material [50, 51]. It can be considered a fingerprint of the GL character
compared to HKUST-1. The occurrence of C=O C1s→ π∗ transitions is however confirmed by the presence
of peak 4 at 288.4 eV [60, 61, 63] on both parent materials. Despite both GL and HKUST-1 (and also the two
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hybrids) show peak 4 as a strong resonance, it is interesting to remark some differences: first, the already
mentioned broadening of this feature in GL compared to HKUST-1; second, the presence of a very broad
feature around 300 eV (peak 6) in HKUST-1, much less pronounced in GL, that can be assigned to the
corresponding C=O C1s→ σ∗ excitation [61, 63]. These remarks suggest that the origin of the common
feature marked as peak 4 could be different in the two pristine compounds; it is likely due mainly to
carboxylic functional groups in GL, while in HKUST-1, it could have risen from the carbon–oxygen bonds in
the structure. The presence of a fine structure between peak 1 and peak 4 in HKUST-1 was also highlighted.
One of the peaks belonging to such interval is the already discussed peak 2; the other modulations of the
NEXAFS spectrum in this energy interval could be ascribed to C–H, C–O, C–O–C 1s→ σ∗ electronic
excitations [60, 63, 65]. We assign to C–H 1s→ σ∗ transitions the feature named peak 3, which is present in
GL (the only distinguishable on this sample in the energy interval between the main peaks) around 287 eV,
but not in HKUST-1 and hybrid materials, constituting another remarkable difference. It represents a
transition of 1s core electrons towards valence/Rydberg states (C–H∗ from aromatic/alkyl C–H) [60, 63].

A weak shoulder-like signature slightly above 290 eV can be observed in HKUST-1 NEXAFS spectrum;
such a shoulder has already been observed in C1s NEXAFS spectra of CuO/graphene and of Cu-, Fe-, Cr-
MWCNT hybrids [65–68]. It is interesting to note that the addition of Cu to MWCNT in [37] actually
enhanced the spectral features around 287 eV in the NEXAFS spectrum, and also provoked the displacement
of spectral weight from the 285 eV band to the 288 eV one: both occurrences have been observed in our
Cu-based HKUST-1 NEXAFS spectrum.

Finally, we remark on the presence of an additional spectral feature, peak 5, much more pronounced in
the GL spectrum than in HKUST-1 one, at about 292 eV (shifted to higher energies in HKUST-1 spectrum),
due to excitations of C=C 1s→ σ∗ [61, 63].

After the detailed description of the main spectral features detectable on the pristine compounds, more
insights about the effect of GL inclusion into MOF structure can be inferred by analyzing the C NEXAFS
spectra of hybrid materials.

The two most remarkable peak resonances on the HKUST-1 spectrum exhibit a clear evolution when the
amount of GL increases. In HKUST-1/GL-15 and HKUST-1/GL-30, containing 15 wt.% and 30 wt.%
respectively, peak 1 and peak 4 lose spectral weight, approaching that in the pure GL spectrum. Peak 2 also
follows a similar evolution: in HKUST-1 it has an intensity lower than peak 1 and peak 4; conversely, in
HKUST-1/GL-15 and HKUST-1/GL-30 it appears higher than peak 1, evolving towards the condition of GL
spectrum where peak 1 is almost entirely hidden by peak 2. It is worth noting that a comparison between the
intensity of peaks 1 and 4 can still be made among the NEXAFS spectra of the hybrids, exactly because the
first one has not yet been covered by peak 2. A fast estimation shows that the height ratio between peaks 1
and 4, while both lose weight in the spectrum, is roughly preserved when the GL percentage increases. This
circumstance suggests that the GL inclusion is not detrimental for the HKUST-1 structural and chemical
features (NEXAFS resonances are sensitive to the chemical environment of the absorbing atoms).

As concerns the other spectral signatures, they follow a general trend of evolution from HKUST-1 to GL
character, but some differences can be remarked, indicating a different role of the associated electronic,
structural, and spectroscopic properties. Peak 3, for instance, although less evident among those peculiar of
GL with respect to HKUST-1, arises in the spectra of hybrid materials; at the same time, the Cu-related
spectral features at similar energies disappear. On the contrary, a ‘jump’ identified as peak 5, strongly marked
in the GL spectrum, does not look to show up in the spectra of hybrids even at the highest employed GL
concentration. Peak 3 is associated to transitions to nearly continuous allowed energies, namely Rydberg
states; as a consequence, we can speculate that such circumstance indicates that, while discrete levels or
orbitals coming from pristine compounds are essentially preserved in the hybrids, valence states are affected
by the interaction with the surrounding HKUST-1 matrix. In such a frame, the mixing of valence state
characters could play a role in triggering the percolation mechanism that we revealed in [7] as underlaying at
the base of the conducting behavior of HKUST-1/GL hybrids. The disappearance of Cu-related HKUST-1
spectral features can be due to the same rearrangement of valence electrons.

Differently from the rich variety of the C K-edge NEXAFS spectra acquired on the different samples, the
Cu K-edge XANES spectra are extremely similar for HKUST-1 and the two hybrid materials (figure 4, panel
(a)). This is not surprising: While the C features are related to the several bonds and functional groups which
are intrinsically different in the pure materials (HKUST-1 and GL), the Cu spectral features are mainly
driven by the Cu state in HKUST-1. The strong similarity between the Cu K-edge XANES data of HKUST-1
and hybrids indicates that such general spectral features remain essentially unchanged by the inclusion of
carbonaceous component in the hybrids up to 30 wt.%.

To go in deeper detail, the only remarkable evolving feature in the Cu K-edge XANES spectra is
constituted by the pre-peak slightly below 8985 eV, which becomes less sharp in the spectra of hybrid
materials with the largest content of GL. This is a spectral feature ascribable to the presence of Cu(II), while
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Figure 4. (a) comparison among the Cu K-edge XANES spectra recorded on HKUST-1 and hybrid samples; (b) comparison
among the Cu 2p XPS spectra recorded on HKUST-1 and hybrid samples; (c) comparison among the C 1s XPS spectra recorded
on all the investigated samples. All the spectra in the plots have been vertically shifted for clarity.

the distinctive feature of Cu(I), expected at a lower energy, is basically missing in all the samples. The fact that
Cu(II) is the largely dominant oxidation state in our samples is confirmed by the comparison with reference
CuO (Cu(II)) and Cu2O (Cu(I)) XANES spectra reported in the supplementary information. In addition,
there is no evidence of spectral features associated to Cu in the metallic state [69, 70]. The absence of metallic
Cu is in agreement with the electrical insulating character of HKUST-1, and it confirms that the electrical
conductivity arising in the HKUST-1/GL hybrids is not related to modifications in the copper electronic state.

XPS spectra have been acquired at Cu 2p and C 1s core levels and reported in figures 4(b) and (c). They
confirm the general trend observed by NEXAFS and XANES measurements, i.e. a substantial similarity
among the Cu XPS spectra (on HKUST-1 and hybrids) and, conversely, a wider variability for the C XPS
spectral feature (recorded on all the materials). In particular, in the C 1s spectrum of GL, the pronounced
broadening of the spectral feature around 288–289 eV, resulting from the overlapping of contributions from
C atoms involved in several functional groups, is a further indication of the greater disorder in surface
chemistry of GL materials.

4. Conclusions

Solid State—Nuclear Magnetic Resonances and x-ray absorption spectroscopic measurements (NEXAFS and
XANES) provided structural and spectroscopic information on the inclusion of GL into the HKUST-1
structure. Interestingly, 1HMAS and 13CMAS NMR spectra indicated that also the hybrids HKUST-1/GL-15
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and HKUST-1/GL-30 exhibit structural features similar to the parent HKUST-1. From the spectroscopic
point of view, it is remarkable that NEXAFS spectra on HKUST-1/GL-15 and HKUST-1/GL-30 do not exhibit
any signature of the strong broadening of absorption peaks which are a key feature of the more disordered
structure of GL. This indicates that the GL units are embedded in the ordered framework of HKUST-1 as
revealed by XRD rather than being dispersed in it with somehow distributed allocations and orientations.
Also, in the hybrids we observed a dramatic decrease of the spectral weight of peaks associated to functional
groups from GL (peak 2) and to Rydberg states (from aromatic/alkyl C–H): it represents a further indication
of the inclusion of GL inside the hybrid structure, since from a mere physically hybrid mixture we would
likely expect a strong signature of these original features coming from the pure GL chemistry (for the
difference with a mere physical mixture, TGA and porosity results reported in [7] are also relevant). As a
confirmation of the above consideration, the TGA curves in oxidative environments (Supplementary
Information) of a physical mixture of the two components of HKUST-1/GL-15 built mixing at the
appropriate % wt. the two pure components (GL and HKUST-1), presents a distinct weight drop around
500 ◦C attributed to the combustion of the GRM component. The absence of such drop in the TGA plot of
the corresponding hybrid (figure S1) indicates a good inclusion of the graphenic component into the hybrid.

It also means that the gradual deterioration of surface morphology when increasing GL amount, as
shown by SEM images (supplementary information), must be ascribed to a supramolecular more disordered
arrangement rather than a crystalline disorder. In the Supplemental Information we added a sketch of the
structural model suggested by our measurements. Such inclusion, as well as the evidence of the mixing of
valence characters of the pristine materials, likely plays a key role in the percolating mechanism at the base of
the electrical conductivity enhancement with the GL amount, that in a previous work [7] we demonstrated
being the main responsible of the enhancement of dc electrical conductivity of HKUST-1/GL hybrids
compared to the pristine HKUST-1.
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[24] Sierra U, Álvarez P, Blanco C, Granda M, Santamaria R and Menendez R 2015 Carbon 93 812–8
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