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A B S T R A C T

This study investigated the direct growth of metal–organic frameworks (MOFs) on a copper substrate with 
complex architecture created via laser powder bed fusion process (PBF-LB/M). Specifically, a scalable route to 
functionalise gyroid primitive triply periodic minimal surface (TPMS) structures with HKUST-1 (Cu3(BTC)2, also 
known as MOF-199) using a malachite-mediated two-step synthesis was analysed. The PBF-LB/M/Cu gyroid 
architecture provided a high surface-to-volume ratio and favourable curvature for nucleation, enabling uniform 
formation of Cu2(OH)2CO3 nanoribbons across the entire TPMS network. Subsequent conversion into HKUST-1 
yielded a continuous MOF coating composed of well-defined octahedral and cuboctahedral crystals. Field 
emission scanning electron microscopy (FESEM) and computer tomography (CT) scan analysis confirmed ho
mogeneous coverage even in highly curved regions, while X-ray diffraction (XRD) verified the presence of MOF- 
199 with minimal oxidation of the underlying copper. The lightweight coating (<3 wt%) preserved the openness 
and thermal conductivity of the metallic scaffold, establishing a robust hybrid platform that bridges metal ad
ditive manufacturing with MOF chemistry.

1. Introduction

The rapid increase in global energy demand and the continued reli
ance on fossil fuels are driving a persistent rise in anthropogenic carbon 
dioxide (CO2) emissions, with a direct impact on global warming and 
climate change. Mitigation strategies based on energy efficiency are not 
enough efficient to meet decarbonisation targets such as those outlined 
in the Paris Agreement. Thus, carbon capture and storage (CCS) and 
related carbon management technologies have become essential com
ponents of any realistic pathway towards substantial CO2 reduction, and 
adsorption-based separation processes are particularly attractive due to 
their potential for modularity, low footprint, and integration with 
existing industrial streams. However, their effectiveness critically de
pends on the availability of adsorbent materials that combine high ca
pacity, selectivity, and stability under realistic operating conditions 
[1–5]. Metal–organic frameworks (MOFs) are a class of porous crystal
line materials widely used for gas separation [6–8], storage [9–11] and 
catalysis [12], and are considered a potential solution for applications 
involving the capture and separation of CO2 [13]. Among the large 

number of MOFs proposed for CO2 capture, HKUST-1 (Cu3 (BTC)2, also 
known as MOF-199) has received particular attention [14–18] because it 
can be synthesised under relatively mild conditions [19,20], exhibits 
good thermal stability, and offers coordinatively unsaturated copper 
(Cu) sites that favour CO2 adsorption. Furthermore, its synthesis can be 
adapted to different morphologies such as powders, films or coatings 
[4], and the use of copper-based precursors offers opportunities for 
integrating HKUST-1 with metallic substrates [19]. Despite its excellent 
CO2 uptake and well-defined pore structure, HKUST-1 is also known to 
degrade upon exposure to humidity, which has motivated the search for 
more stable morphologies and synthesis routes [21,22]. The high degree 
of customisation possible in MOF synthesis has led to the creation of a 
wide range of MOFs with extremely diverse nano- and microstructural 
morphologies, which are incorporated into the final macrostructure via 
1) coating techniques using MOF-based ink [23,24]; 2) in situ growth of 
MOFs on the macrostructure [25,26]; 3) incorporation of pre- 
synthesised nanostructured or microstructured MOFs into the starting 
material for additive manufacturing (AM)/3D printing [27–29]. AM has 
been considered as a potential strategy for the fabrication of MOF-based 
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structural and functional devices, where their properties can be 
controlled by the structural design to suit the practical application. 
Recently, AM technologies such as material extrusion (MEX), laser beam 
polymer powder bed fusion (PBF-LB/P), direct ink writing (DIW) and vat 
photopolymerisation (VAT), have been used to fabricate the custom
isable MOF components [30–34]. Research has therefore mainly focused 
on using these AM techniques to construct MOF-enhanced polymer 
composite components in order to gain advantages in terms of desired 
shape and geometry, increased surface area and porosity due to the 
polymer support, and thus improved component performance. The 
simplest method used in the literature to pattern MOFs using AM is DIW 
technology, where the MOF is mixed with other chemicals to form a 
paste that is printed directly [35]. The most complex phase in this 
technique is in the formulation, which must take into account the 
accessibility of the MOFs so that they remain porous in the final matrix, 
as well as the hardness of the object. There are also problems related to 
the solidification times of the ink. Another possibility is indirect 3D 
printing, where the MOFs are deposited onto a pre-printed polymer 
matrix object. This strategy often suffer from limited thermal conduc
tivity, possible incompatibilities between the polymer and the MOF 
synthesis medium, and long-term stability issues in aggressive envi
ronments [36,37]. Recent advances have also introduced MOF-based 
photopolymerizable inks for high-resolution techniques such as VAT. 
These inks often incorporate up conversion particle (UCP)-assisted near- 
infrared photopolymerization (UCAP), which enhances photo
polymerization and converts near-infrared light into ultraviolet light to 
achieve polymerization of photosensitive resins, enabling the precise 
fabrication of complex MOF structures. [38]. There are studies in the 
literature that have used the PBF-LB/P for the growth of MOFs 
[31,39,40]. Despite the advantages of this technology, using the laser 
can also lead to undesirable results. The study by Li et al. [40] found that 
MOFs with lower thermostability are more sensitive to process param
eters, since when the laser energy settings are too high, MOF crystal 
decomposition occurs, resulting in carbonization of the top surface of 
the printed film. This makes it unsuitable to improve the MOF mass 
loading by increasing the input laser energy.

The direct 3D printing of MOFs is still constrained by the sensitivity 
of many frameworks to moisture, temperature, and processing solvents, 
which can lead to degradation or partial loss of crystallinity during 
shaping [27,36]. A solution can be achieved using the powder bed fusion 
– laser beam of metals (PBF-LB/M) as an AM process to create archi
tected porous materials based on triply periodic minimal surfaces 
(TPMS) that are then functionalised with a MOF coating [41], preserving 
both the mechanical performance of the substrate and the adsorption 
properties of the framework. TPMS surfaces offer a powerful way to 
tailor the geometry of the support at the unit-cell level, achieving a high 
surface-to-volume ratio (S/V), controlled porosity, and interconnected 
pathways for fluid flow [42,43].

The use of metal substrates produced using AM enables the creation 
of MOFs on materials with predefined shapes [44,45]. Among the metals 
used in the PBF-LB/M process, copper is particularly interesting as a 
MOF support due to its high thermal conductivity, which can mitigate 
temperature swings during adsorption–desorption cycles, and its elec
trochemical and catalytic relevance [46,47]. A promising strategy to 
integrate HKUST-1 with pure copper involves the use of malachite 
(Cu2(OH)2CO3) nanostructures as a first substrate for generating a high 
surface availability for nucleation points [19]. In this route, a thin layer 
of malachite is first formed on the copper surface via a mild aqueous 

treatment and is subsequently converted into HKUST-1 upon exposure 
to a solution containing the organic linker (H3BTC). Compared with 
protocols that employ copper nitrates or other soluble metal salts, this 
approach avoids highly corrosive by-products and improves the overall 
sustainability of the synthesis [20]. However, combining PBF-LB/M/Cu 
structures with MOF coatings is far from trivial. First, there is the dif
ficulty of producing the components via PBF-LB/M, given the high 
reflectivity of copper, which hinders the ability of the metal powder to 
absorb sufficient laser energy [48]. However, once TPMS structures are 
successfully fabricated, substrate surface roughness can strongly influ
ence the nucleation of MOFs. While roughness increases surface area for 
heterogeneous nucleation, it frequently causes poor film morphology, 
uncontrolled crystal orientations, and pinhole defects that compromise 
membrane selectivity and electrical contact [49,50]. Another consider
ation is that the MOF synthesis chemistry must remain compatible with 
the metal substrate and its surface state.

The purpose of this study was to investigate the growth of HKUST-1 
via a malachite-mediated route on copper TPMS structures to verify the 
continuity of the MOF coating despite the variable surface roughness 
within the structure resulting from the manufacturing process. The 
TPMS architecture was designed with a high S/V ratio to maximize the 
surface area available for MOFs formation while maintaining structural 
integrity. The copper samples were first post-processed to remove 
weakly bonded powders and prepare a stable surface for functionaliza
tion. The evolution of the surface morphology is investigated at different 
stages using field emission scanning electron microscopy (FESEM), as 
well as computer tomography (CT) scan, and the crystalline phases 
formed are analysed via X-ray diffraction (XRD). Thus, this study wants 
to demonstrate the feasibility of producing MOF-coated pure copper 
TPMS structures and provides insight into the interplay between AM 
surface features, precursor morphology, and final MOF crystal growth. 
The difficulties related to reach high density values, due to the high 
reflectivity of copper at the infrared laser sources, are here evaluated as 
potential aspect for improving the distribution of MOFs on the surface, 
increasing the available surface for nucleation points. The results 
highlight the potential of PBF-LB/M/Cu as a functional substrate for 
MOF-based gas adsorption and separation devices, opening new routes 
towards architected, thermally conductive adsorbent systems.

2. Materials and methods

2.1. Samples design and fabrication

The samples were designed using the commercial software nTop 
(nTop, USA). To achieve a good compromise between sample size and S/ 
V ratio, a trial-and-error approach was followed in designing the sam
ples’ TPMS geometry. Different types of cells, cell sizes, and spatial 
distribution and wall thickness were investigated to find the best S/V. 
The walled-gyroid structure was infilled with 10 mm diameter and 10 
mm height cylinders (Table 1 and Fig. 1).

Gas atomised pure Cu powder provided by EOS GmbH (Germany) 
was used to built TPMS structures. The particle size distribution (PSD) of 
the gas atomized powders was determined using a Diffraction Particle 
Size Analyzer (Mastersizer 3000, Malvern Panalytical). The volumetric 
PSD was evaluated via analysis of the diffraction angle of a laser when a 
small amount of powder flows through the chamber, obtaining the 
following mean values: a D10 of 21 µm, a D50 of 36 µm and D90 of 49 
µm. These percentile values indicate that 10%, 50% and 90% of the 
particles are equal to or smaller than the corresponding size.

A PBF-LB/M machine equipped with a 500 W Yb fibre laser (wave
length at λ = 1060–1080 nm) and a beam spot size of 100 μm was used to 
produce PBF-LB/M/Cu test specimens. The steel building platform is 
heated to 80 ◦C to improve thermal conductivity and melt the powder 
layer. The samples were produced in an argon atmosphere to have an 
oxygen content of less than 0.10%. A silicon blade was used to spread 
the powder on the platform. Process parameters were chosen that allow 

Table 1 
Design parameters for the Cu samples realised as substrate.

Shape Cell 
type

Cell 
size

Wall 
thickness

S/V ratio Relative 
Density

Cylinder Gyroid 4 mm 0.3 mm 10.991 
mm− 1

14.59%
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a high density (90%) to give strength to the structure but which at the 
same time allow for the induction of minimal porosity in the structure 
which increases the surface area suitable for the growth of MOFs at the 
same volume: laser power of 370 W, scan speed of 900 mm/s, hatching 
distance of 0.06 mm and layer thickness of 20 µm [48]. Samples were 
cleaned after extraction from the build chamber by shot blaster with 
glass microspheres, which removed unmelted powder particles.

2.2. MOFs growth protocol

The procedure for substrate surface functionalisation and MOFs 
growth (Fig. 2) has been realised according to the protocol reported by 
Du et al. [19].

The printed samples (Fig. 2a) were first sonicated for 10 min in 
acetone in an ultrasonic bath. Then, an immersion into a solution of 10 

Fig. 1. Designed gyroid sample with high S/V ratio.

Fig. 2. Schematisation of the methodology used: a) construction of the gyroid copper structure in PBF-LB/M; b) preparation of Cu2(OH)2CO3 film on pure copper 
substrate; (c) MOF-199 film on the malachite substrate.

Fig. 3. FESEM micrographs of the shot-blast pure copper gyroid sample at different magnifications.
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mL of sodium bicarbonate (NaHCO3, 1 mol/L), 10 mL of sodium per
sulfate (Na2S2O8, 0.1 mol/L) and 80 mL of distilled H2O for 24 h at room 
temperature was performed. The aim of this immersion is to trigger the 
formation of Cu2(OH)2CO3 nanoribbons on the copper surface. The pH 
of the used solution is about 8. The samples were then rinsed with 
deionised water and dried in an oven at 60 ◦C until the achievement of a 
constant mass (Fig. 2b). One of the treated samples was used for the 
second step of the protocol, and the growing of HKUST-1 on the func
tionalised surface was performed. The sample was immersed in a solu
tion made of 18 mL of H2O, 47 mL of ethanol and 0.7 g of 1,3,5- 
benzenetricarboxylic acid (H3BTC, trimesic acid) for 27 h at room 
temperature. The resulting pH of this solution is 8.7. A final washing was 
carried out with water and ethanol, followed by drying in an oven at 
60 ◦C (Fig. 2c).

2.3. Characteriations

To control the amount of Cu2(OH)2CO3 and HKUST-1 grown on the 
copper surface, the samples were weighed with an analytical scale KERN 
ABJ 320-4NM (KERN & SOHN GmbH, Germany). An X-ray diffractom
eter (XRD, X’Pert Pro, Malvern Panalytical, UK with a Cu anticathode (λ 
= 0.154056 nm in the 5-45◦ 2θ range) was used to collect the relative 
patterns of the HKUST-1. FESEM (ZEISS, Germany) was used to char
acterise the morphology of the samples after the two treatments. To 
evaluate the uniformity of MOF growth, the samples were analyzed 
using a CT machine (GE Phoenix v|tome|x s). The process parameters 
used for the scans were a voltage of 210 kV, a current of 43 μA, and a 
voxel size of 9 μm. The analyses were performed using VGStudio Max 3.4 
software.

3. Results and discussion

3.1. Morphology of the copper TPMS substrate

The copper gyroid samples exhibited well-defined TPMS features and 
a continuous wall surface, confirming the accuracy of the PBF-LB/M/Cu 
fabrication process. Low-magnification FESEM images (Fig. 3a and 3b) 

Fig. 4. FESEM micrographs of sample 1, with the grown malachite on the functional surface at different magnifications.

Fig. 5. FESEM micrographs of malachite nanoribbons at different magnifications.

Fig. 6. FESEM micrographs of flat and non-homogeneous groups of malachite ribbons at different magnifications.

Table 2 
Weight changes due to the growing protocol.

Sample Cu (g) Step 1 (g) Wt% step 1 Step 2 (g) Wt% step 2

1 1.9876 1.9990 +0.57 – –
2 1.9499 1.9615 +0.59 2.0026 +2.10
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show a smooth distribution of the gyroid curvature, with minor inter
connected microporosity originating from the chosen process parame
ters. This controlled microporosity is beneficial for MOF 
functionalisation, as it increases the number of potential nucleation 
sites. Higher magnifications (Fig. 3c and 3d) reveal spherical de
pressions generated by the shot-blaster operation, which effectively 
removed unfused particles. Surface cleaning provides favourable con
ditions for homogeneous nucleation in the subsequent malachite growth 
step. Another relevant observation is the degree of surface oxidation. 
Local oxide patches appeared on the copper surface, which is expected 
due to copper’s susceptibility to ambient oxidation. While light oxida
tion does not impede malachite formation, excessive surface oxides can 
hinder electrical conductivity and introduce local variations in reaction 
kinetics. Thus, the identified mix of clean copper zones and mildly 
oxidised areas confirms the importance of the shot-blaster and cleaning 
sequence prior to chemical functionalization.

3.2. Formation of malachite nanoribbons

The first chemical step generated a continuous layer of Cu2 
(OH)2CO3 nanoribbons across the TPMS surface. FESEM images (Fig. 4) 
demonstrate that malachite nucleation is highly efficient on the shot- 
blaster copper substrate, yielding homogeneous surface coverage even 
in regions of high curvature.

At higher magnifications (Fig. 5), the nanoribbons appear as radially 
oriented filiform structures growing from hemispherical centres with 

Fig. 7. FESEM image of the (a) HKUST-1 layer grown on the Cu2(OH)2CO3 substrate, (b) HKUST-1 octahedrons and cuboctahedrons crystals.

Fig. 8. Schematisation of typical growing methods for HKUST-1 crystals; (a) 
mechanism of cuboctahedron shape formation, (b) Cu3(BTC)2 is represented by 
violet spheres, oxygen by red spheres and carbon by black ones. The octahedron 
is formed by square or triangle windows depending on the superficial energy 
related to the crystal growth. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)

Fig. 9. XRD pattern of MOFs crystals grown on sample 2.

Table 3 
Main peaks and relative intensity of the XRD pattern of the MOFs grown on 
sample 2.

No. 2θ (◦) d-spacing (Å) Relative intensity (%) Indexation

1 6.71 13.17 1.46 HKUST-1
2 9.50 9.31 1.52 HKUST-1
3 11.64 7.60 3.97 HKUST-1
4 13.43 6.59 1.14 HKUST-1
5 14.90 5.95 0.36 HKUST-1
6 17.47 5.08 0.71 HKUST-1
7 19.05 4.66 0.64 HKUST-1
8 20.16 4.40 0.2 HKUST-1
9 24.21 3.68 0.28 HKUST-1
10 25.97 3.43 0.38 HKUST-1
11 31.20 2.86 0.67 Malachite
12 36.44 2.47 0.26 HKUST-1
13 43.31 2.09 100 Cu
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radii of approximately 0.5–3 µm. This morphology closely matches 
previous literature on malachite-mediated HKUST-1 precursors, con
firming that the formation mechanism remains effective even on a 
geometrically complex substrate.

Nevertheless, the malachite layer is not perfectly uniform. Specific 
regions exhibit larger and less homogeneous aggregates (Fig. 6), char
acterised by thicker plates or flake-like clusters rather than fine 
nanoribbons.

These deviations are likely to result from locally reduced nucleation 
density or surface energy variations. In such areas, slow nucleation fa
vours lateral crystal growth over radial proliferation, leading to non- 
uniform domains. The overall result is still strongly positive: despite 
local variations, the malachite layer provides an extensive, reactive, and 
mechanically well-adhered precursor coating, suitable for conversion 
into HKUST-1.

3.3. Growth and morphology of HKUST-1

Table 2 shows the weight changes due to the two different protocol 
steps. The growth of MOFs-199 on the Cu2(OH)2CO3 substrate was 
observed via FESEM (Fig. 7). A typical octahedral pyramid structure 
(Fig. 7b) is exhibited by the MOF-199 crystals, with a fundamental size 
of ~5 µm.

These findings are comparable to literature [18,35,51,52], con
firming the efficiency in the nucleation of MOFs crystals on the mala
chite nanoribbons generated on additively manufactured pure copper. 
The crystal shape is typically determined by the coexistence of facets 
growing with divergent speeds. The octahedron shape is made of eight 
triangle facets of {111}, which are characterised by a lower superficial 
energy, making the growth preferential during crystallisation. An in
termediate shape can also be formed between the octahedron and the 
cubic shape when the growing speed of the {100} facets is higher 
because of a localised superficial energy lower [53]. When the equilib
rium energy of {100} is higher than that of {111}, a tetrahedron is 
formed. When the equilibrium energy of the two geometrical shapes is 
comparable, cuboctahedrons can be formed. A graphical visualisation is 
provided in Fig. 8.

The resulting cuboctahedron is thus an intermediate shape which 
gives to the superficial distribution a heterogeneity that improves the 

capability of the layer in gas absorption and separation, as reported by 
Mao et al. [54]. The discrepancies between the geometry are not due 
specifically to the kinetics of the reaction, but a strong impact of the 
amount of modulator needs to be considered. By regulating the amount 
of H3BTC, different crystal shapes and fundamental dimensions can be 
obtained. When the amount of modulator is high, a preferential growth 
of octahedron was revealed in literature [19,54]. In Fig. 7b microcracks 
propagated in the HKUST-1 pattern are evident. These types of cracks 
are quite typical for MOFs because of their negative coefficient of 
thermal expansion [55]. This results in a contraction upon heating, 
which contrasts with the expansion of the substrate, generating an 
intense stress, triggering microcracking phenomena.

X-ray diffraction analysis confirmed the synthesis of HKUST-1 crys
tals, and the resulting pattern and relative data are reported in Fig. 9 and 
Table 3, respectively. The MOFs coating appears to be rather pure: the 
peaks were attributed to HKUST-1 according to Schlichte et al. [56] and 
Cu (JCPDF card n◦ 04–0836). The two small peaks at around 14.5◦ in 2θ 
are again characteristics of a hydrated HKUST-1 sample ((331) and 
(420) reflections) [19]. Neither peaks of CuO (at 2θ = 35.5◦ and 38.7◦, 
JCPDF card n◦ 45–0937) nor Cu2O (at 2θ = 36.43◦, JCPDF card n◦

05–0667) were found in the diffractogram of the synthesised material. 
The broad peak at about 31.2◦ in 2θ is probably due to an incomplete 
reaction of the malachite crystals with BTC; similar results are under
lined by Du et al. [19]. The coexistence of the three phases (Cu, mala
chite, and MOF-199) is confirmed by the XRD pattern analysis, 
confirming the efficacy of the growing procedure.

Fig. 10 shows the tomography of the sample during the three main 
phases: creation of the copper structure (Fig. 10a), malachite growth 
(Fig. 10b), and growth of the MOFs (Fig. 10c). Fig. 10d and 10e show the 
central and lateral sections with respect to the planes constructed along 
the Cartesian axes, highlighting the variations in the contours of the 
gyroid from one stage to the next, demonstrating the uniformity of 
growth even in the innermost areas of the component.

4. Conclusions

This study demonstrates for the first time the feasibility of inte
grating HKUST-1 coatings with additively manufactured pure copper 
TPMS architectures through a two-step malachite-mediated route. The 

Fig. 10. CT scan images: (a) as-built sample; (b) sample with the grown malachite and (c) with the grown HKUST-1 layer; sections along the three principal x, y, and 
z planes of (d) sample with malachite and (e) sample with MOFs.
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PBF-LB/M/Cu substrate provided a high surface-to-volume ratio and a 
geometrically complex template capable of supporting uniform forma
tion of Cu2(OH)2CO3 nanoribbons, which acted as an efficient precursor 
for HKUST-1 growth. FESEM observations confirmed homogeneous 
malachite nucleation across the TPMS walls and successful conversion 
into HKUST-1 crystals exhibiting both octahedral and cuboctahedral 
morphologies. While CT scan analysis evidenced the uniformity of 
MOFs’ growth on all the gyroid surfaces. XRD analysis verified the 
presence of MOF-199 with minimal oxidation of the underlying copper 
and a minor fraction of unconverted malachite, likely associated with 
locally dense regions within the precursor layer. Overall, the results 
highlight that metal additive manufacturing and malachite-based MOF 
synthesis are highly compatible, even on complex three-dimensional 
architectures. This approach enables lightweight, mechanically robust, 
and thermally conductive substrates functionalised with well-defined 
MOF coatings, opening promising opportunities for architected adsor
bent systems, catalytic supports, and thermally managed gas-separation 
devices.

Other metals will now be investigated, specifically nickel and nickel 
alloys which potentially allow to grow fluorinated MOFs such as 
NbOFFIVE-1-Ni (made from NiNb2O5 and pyrazine ligands) and SIFSIX- 
3-Ni (built from NiSiF6 and pyrazine ligands) with higher proven CO2 
adsorption properties respect to many amine-functionalized MOFs and 
are more effective for direct air capture of CO2 in realistic environments 
[57].
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