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Zirconium-based metal-organic frameworks (Zr-MOFs), such as
UiO-66-NH,, exhibit high surface areas and chemical stability,
while graphene provides unique electrical properties and high
mechanical strength. Hence, nanocomposites that integrate gra-
phene into Zr-MOFs can enhance interfacial charge transfer and
offer new functionalities for porous materials. However, controlled
and cost-effective synthesis of high-quality Zr-MOF/graphene
nanocomposites has not been demonstrated. Here, we report a
supercritical CO, (scCO,)-assisted continuous-flow process for
depositing nanometer-scale UiO-66-NH, layers on reactive, car-
boxylic-modified graphene aggregates (CGA). This approach is
enabled by rapid nucleation and growth of UiO-66-NH, (~1 min)
and yields 3.5 g h™* of MOF/CGA nanocomposites in a lab-scale
150 cc reactor. CGA, produced by a chamber-explosion method
followed by surface modification to add carboxylic acid groups,
was continuously mixed with Zr-MOF precursors in a scCO,
reactor, resulting in a MOF/CGA composite with near-uniform
10-20 nm-thick MOF coating. The influence of graphene loading
(5-30 wt%) on the structural, physical, electrical, and chemical
properties of the composites was examined. The resulting
materials exhibit intimate contact between MOF and graphene
layers, high BET surface areas, and enhanced photothermal
responses under solar illumination, highlighting their potential for
photocatalysis and other applications.

Introduction

Metal-organic framework (MOF)-graphene-based composites
have emerged as a versatile class of hybrid materials that inte-
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grate the high surface area, tunable porosity, and chemical
functionality of MOFs with the excellent electrical conductivity,
mechanical robustness, and light-absorption properties of
graphene.’™ These composites have shown a potential for a
broad range of applications, such as chemical sensing, adsorp-
tion and separation, energy storage, and environmental
remediation.*”® In particular, MOF-graphene composites have
emerged as promising platforms for catalytic and photo-
catalytic reactions, in which MOFs provide active sites for
molecular adsorption and transformation, while graphene
enhances charge transport and light utilization. Incorporating
graphene often results in smaller MOF crystals and altered
crystal growth orientation, thus increasing the density of acces-
sible active sites.'®"!

Despite these advantages, the practical deployment of
MOF-graphene-based composites remains limited due to chal-
lenges of scalable synthesis. Most reported methods rely on
batch processes, which suffer from poor control over compo-
site morphology, long synthesis time (>24 h), limited through-
put, and difficulty in achieving uniform MOF-graphene inter-
facial contact.">'® Typically, MOF/graphene composites are
synthesized by hydro-/solvothermal methods, in which the gra-
phene material is simply added to the dissolved MOF precur-
sors before heating. Other methods include seeded growth,
layer-by-layer deposition, mechanochemical, direct mixing,
and pickering emulsion."*™” To date, continuous-flow syn-
thesis of MOF-graphene composites remains unexplored, and
no reports have demonstrated scalable production routes that
address material quality, interfacial control, or quantified
manufacturing throughput.

Several factors have hindered the large-scale production of
MOF-graphene-based composites. First, graphene itself
remains challenging to manufacture at scale. Common exfolia-
tion approaches relying on concentrated acids and intensive
shear forces involve hazardous chemicals and high energy con-
sumption. Second, the scalable synthesis of MOFs is nontri-
vial, particularly for frameworks containing secondary build-
ing units with slow formation kinetics."®?° In addition,
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surface modification of graphene to promote MOF nucleation
and growth is challenging.>' Graphene needs to be oxidized to
introduce surface functional groups, such as carboxyl
(-COOH) moieties. These groups can coordinate with metal
ions or interact with MOF organic linkers to initiate hetero-
geneous MOF nucleation.”>** However, excessive oxidation
reduces graphene’s electrical conductivity, thereby compromis-
ing the functional performance of the resulting composites;
e.g., to induce a photocatalytic effect, graphene-based compo-
sites require intimate interfacial contact to enable charge
transfer.**

Here, we present a scalable approach that integrates gra-
phene-based nanomaterial production followed by controlled
growth of MOF nanoscale layers. The graphene was syn-
thesized using a novel chamber-explosion method that pro-
duces high-quality, multilayer graphene.>**” This patented
method has been scaled up to production levels.>® We have
previously reported a supercritical CO, (scCO,)-assisted con-
tinuous synthesis of MOFs.”?*° ScCO, is a green solvent with a
relatively low critical temperature (31.1 °C) and pressure (7.4
MPa). It is particularly well-suited for the processing of heat-
sensitive materials. We have established the role of scCO, in
accelerating the MOF nucleation and growth, using HKUST-1
as an example, and achieved high-quality MOF production in
~10 seconds.*'

This work presents a novel approach to rapidly produce
MOF/graphene composites by combining large-scale chamber
explosion graphene synthesis and continuous-flow MOF syn-
thesis. ScCO, enables effective MOF anchoring, leading to
high-yield, scalable synthesis of UiO-66-NH,/graphene nano-
composites. The resulting composites consist of uniform MOF
shells that conformally coat fractal graphene aggregates,
leading to intimate interfacial contact, increased MOF struc-
tural defects, and higher BET surface areas. The novel MOF/
graphene materials exhibit strong photothermal responses
under solar illumination and are promising candidates for
photocatalytic applications.

Experimental
Material synthesis

Graphene materials were produced by HydroGraph Clean
Power, Inc. Their patented method*® uses a chamber explosion
synthesis process,”®**> which involves igniting mixtures of
acetylene and oxygen with an atomic ratio of O/C = 0.3 in a
closed chamber. The result is fractal aggregates with radii of
gyration of ~120 nm, composed of monomers 20-50 nm in
lateral extent, with an average of 6-7 turbostratic graphene
layers. This product, named FGA-1, was subsequently modified
to form a carboxyl-modified graphene aggregate (CGA), as
detailed in the SI.

Synthesis of UiO-66-NH,, U66N/CGA5, U66N/CGA10, U66N/
CGA20, and U66N/CGA30 was conducted in a supercritical CO,
(scCO,) continuous flow reactor (Fig. 1a and Fig. S1). The
numbers (5, 10, 20, and 30) represent the % mass of CGA in
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the sample. During synthesis, CO, supplied from a gas cylin-
der is cooled to the liquid phase at ~0 °C and pumped at
20 mL min~" into a coiled heater, where it is heated to 180 °C
before being injected into a mixing section. The precursor
solution is injected into the mixing section at 20 mL min~",
and the mixture then flows into the reactor (ID = 0.957-inch
tubing). A wrapped tape heater maintains the fluid at 140 °C.
After exiting the reactor, the fluid is cooled and passed
through the back-pressure regulator (BPR) set to 10 MPa
before it is collected at ambient temperature and pressure in a
bottle, while the CO, naturally separates and is vented. The
total residence time of the fluid mixture in the heated reactor
sections is ~1.2 min (see SI). The precursor formulation and
material activation are detailed in the SI.

Material characterization

The crystallinity and material structures were characterized by
powder X-ray diffraction (PXRD, Bruker D8 Discover) using a
microfocus X-ray source and Pilatus 100 K large-area 2D detec-
tor, operating at 50 kV and 1000 pA over an angular range of 20
= 5-45° in increments of 5.5°. Particle morphology was ana-
lyzed by scanning electron microscopy (SEM; FEI Sirion XL30)
at 5 kv. Samples were prepared for SEM by depositing and
drying a drop of the ethanol-dispersed sample onto an oxygen-
plasma-cleaned silicon wafer. The sample was coated with
~5 nm of platinum using a Leica EM ACE600 sputter coater.
For more detailed morphological analysis, the samples were
also imaged by transmission electron microscopy (TEM; FEI
Tecnai G2 F20 SuperTwin) at 200 kV. The BET surface area was
determined using nitrogen sorption at 77 K with a
Micromeritics 3Flex gas sorption analysis system. The samples
were heated at 140 °C for 12 h using a Micromeritics Smart
VacPrep to remove any adsorbed molecules before analysis.
Raman spectra were collected at 532 nm on a Renishaw InVia
Raman microscope at 0.5% power density, with a wavenumber
range of 1000-2200 cm™". Thermal stability data were collected
via thermogravimetric analysis (TGA, Mettler Toledo TGA/DSC
3+) on ~4 mg of powder sample to obtain mass loss curves as
a function of temperature by 10 °C min™" from room tempera-
ture to 1000 °C. UV-vis diffuse reflectance spectra were col-
lected using a Cary 5000 UV-Vis-NIR spectrophotometer
(Agilent) operated in diffuse and specular reflection (DSR)
mode. BaSO, was used as the reflectance reference and as a
diluent for sample preparation. All powder samples were
diluted with BaSO, at a mass ratio of 1:200 to ensure
sufficient diffuse conditions. The measured reflectance spectra
were normalized by the BaSO, reference spectrum and con-
verted to the Kubelka-Munk function for optical analysis.
Photothermal measurements were conducted using a solar
lamp (0.1 W ¢cm™?) and an infrared (IR) camera (Kaiweets
KTI-W01) with emissivity set to 0.95. The UiO-66-NH, and
U66N/CGA samples were dispersed to 0.5 mg mL™" in water,
and 350 pL of each solution was placed in a 96-well optical
reaction plate. The sample plate was placed under the lamp
and imaged at 15 min intervals.

This journal is © The Royal Society of Chemistry 2026
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Fig. 1

(a) Schematic illustration of the synthesis and the resulting products. Morphological analysis: SEM images (b) CGA, (c) U66N/CGA nano-

composites synthesized without scCO,, and (d) U66N/CGA20 synthesized with scCO,. TEM images of U66N/CGA30 synthesized with scCO, are
shown in (e) and (f). The scale bars are 500 nm in (b—d) and 50 nm in (e) and (f). The white lines in (f) indicate the UiO-66-NH, shell.

Results

The scCO,-assisted continuous-flow process yielded ~3.5 ¢ h™*
in a lab-scale reactor. The resulting products consist of UiO-66-
NH,-coated CGA, unlike in the solvothermal synthesis
methods (Fig. 1a). The SEM and TEM images of CGA (Fig. 1b

This journal is © The Royal Society of Chemistry 2026

and Fig. S2) confirmed its fractal morphology: rather than
extended planar sheets, the material comprises aggregated gra-
phene domains, each consisting of interconnected monomers
with sizes ranging from 30 to 50 nm. Fig. 1c illustrates the
U66N/CGA product synthesized without scCO, at 140 °C in a
DMF solution containing 0.05 M ZrOCl,, with acetic acid

Nanoscale, 2026, 18, 10021-10028 | 10023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6nr00739b

Open Access Article. Published on 08 April 2026. Downloaded on 6/20/2026 12:43:11 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

added as a modulator for MOF crystallization. Although the
CGA was carboxylated, it did not lead to MOF nucleation on its
surface or coating; instead, the product consists of both
UiO-66-NH, octahedral particles and free CGA. In contrast,
when CGA is processed with scCO,, the U66N/CGA composites
exhibit no discrete crystals. The CGA morphology remains
unchanged within the composite structure (Fig. 1d and
Fig. S6). Notably, no free or uncoated graphene domains are
observed, indicating that UiO-66-NH, fully encapsulates the
CGA during the synthesis. TEM analysis (Fig. 1e) reveals MOF-
coated aggregated graphene clusters with sizes on the order of
a few hundred nanometers. A decrease in shell thickness is
observed with increasing CGA content. The MOF coating is
~40 nm thick for the U66N/CGA10 composite (Fig. S7),
whereas the shell thins to 16 + 3 nm in the U66N/CGA30
sample (Fig. 1f). This decrease in shell thickness indicates that
higher CGA content spreads the available MOF precursors over
its larger surface area, thereby leading to the formation of
thinner yet continuous UiO-66-NH, shells. For the lowest CGA
case, U66N/CGA5 shows structural inhomogeneity, likely due
to the low CGA content, which favours a fraction of the MOF to
form independent crystals rather than MOF/CGA composites
(Fig. S8).

Structural analysis confirms the formation of crystalline
UiO-66-NH,, for all CGA loadings. The XRD pattern (Fig. 2a) of
CGA exhibits a characteristic broad peak at 20 = 25.4°, consist-
ent with the (002) plane reflection typically observed in
reduced graphene oxide. All scCO,-assisted continuous-flow
synthesized composites display the well-defined diffraction
peaks of UiO-66-NH,, including the reflections at approxi-
mately 7.3° and 8.4°, corresponding to the (111) and (200)
planes. The slight increase in intensity at approximately 260 ~
25° in the composite samples further indicates the incorpor-
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ation of CGA into the UiO-66-NH, framework. BET shows that
the surface areas of UiO-66-NH,, U66N/CGA5, U66N/CGA10,
U66N/CGA20, and U66N/CGA30 are 978, 1011, 931, 859, and
795 m” g~ respectively (Fig. 2b). Although CGA itself does not
exhibit a high surface area (140 m® g™", Fig. $3), the elevated
values of the composites can be attributed to defect formation.
The structure of the UiO-66-NH, coating is consistent with that
of the neat MOF. With up to 20 wt% of CGA, the MOF/CGA
exhibits high-quality UiO-66-NH,, as evidenced by the BET
surface area and pore sizes.

Raman spectra (Fig. 2¢) show the D and G bands of CGA at
1341 and 1588 cm™*, respectively. The persistence of the D
band after MOF coating suggests that no significant reduction
or oxidation of CGA occurs during the coating process.
Notably, the G band shifts to higher wavenumbers, indicative
of electron transfer from CGA to UiO-66-NH,, which is consist-
ent with strong interfacial coupling in the composite
structure.**** The intensity ratio of the D and G bands can be
used to evaluate the disorder level in graphene-based struc-
tures; however, the overlap of these bands with the vibrational
features of UiO-66-NH, does not allow for a quantitative ana-
lysis of the composite samples.

Defect level and thermal stability were evaluated by TGA
analysis (Fig. 3). For UiO-66-NH,, the mass loss below 150 °C
corresponds to the evaporation of adsorbed moisture, while a
distinct feature around 280 °C is attributed to the removal of
the acetic acid modulator. The BDC-NH, linker begins to
decompose at ~320 °C, peaking at 440 °C. When normalized
by the final ZrO, residue, UiO-66-NH, exhibits a weight percen-
tage of 228% at 320 °C. A defect-free UiO-66-NH, with the
ideal ZrsOs (BDC-NH,)s composition corresponds to a normal-
ized weight of 232.5%; the difference indicates that the syn-
thesized material has some missing-linker defects, corres-

(a) (b) (c)
350 | —*— UO-66-NH,
UBBN/CGA30 —a— UBBN/CGAS
o —a— UBBN/CGA10
F 300 | —— UBBN/CGA20
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2 2 @
S 8 / o010 -_— UB6N/CGA20
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Fig. 2 Structural analysis of U66N/CGA5-30: (a) XRD patterns, with simulated UiO-66-NH, and CGA included for comparison, (b) N, adsorption—
desorption isotherms, and (c) Raman spectra. The inset in (b) shows the corresponding pore-size distribution for U66N/CGA20. The simulated
powder pattern was plotted from the single-crystal structure of UiO-66-NH, (CCDC 1405751).
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Fig.3 (a) TGA and (b) DTA of scCO,-assisted continuous-flow syn-
thesized UiO-66-NH,, and U66N/CGA5-30.

ponding to a defect level of ~0.04 out of 6. At 320 °C, the
increase in normalized weight is due to the higher CGA
content in U66N/CGA5-30, as CGA retains its mass below
430 °C (Fig. S4). A lower normalized weight of U66N/CGA5 rela-
tive to UiO-66-NH, suggests the missing BDC linkers caused by
CGA incorporation. Similarly, the U66N/CGA10 composite
shows a normalized mass change to that of UiO-66-NH,,
further supporting the formation of defects. The decompo-
sition behaviour of the BDC linkers in U66N/CGA composites
is similar to that of UiO-66-NH,, except for a 5 °C shift in the
decomposition peak (Fig. 3b).

With respect to material optical properties, incorporation of
CGA into UiO-66-NH, enhances its light absorption in the 350
to 800 nm excitation range. Fig. 4a shows the Kubelka-Munk
function, F(R), calculated from diffuse and specular reflection
(DSR) measurements. A stronger optical absorption across the
visible region is observed with higher CGA content. Tauc
analysis®®?®” of the corresponding spectra reveals a systematic
decrease in the apparent optical bandgap, from 2.80 eV for
pristine UiO-66-NH, to 2.60, 2.30, and 1.66 eV for the U66N/
CGA composites with increasing CGA content (Fig. S9). The
reduced apparent bandgap suggests a stronger response of
U66N/CGA to lower-energy light excitation.

(a) (b)

—— UB6-NH,
—— UBBN/CGA10
—— UBBN/CGA20

UBBN/CGA30

‘cdee

55°C
0 min

45°C
- 15 min
x
w
30 min "9 . *°C
45 min R RE i =c
60 min

- ..“‘ 15°C

400 500 600 700 800
Wavelength, nm

Fig. 4 (a) DRS-UV-vis spectra of the UiO-66-NH, and U66N/CGA. (b)
Infrared thermal images of UiO-66-NH, and U66N/CGA aqueous sus-
pensions under simulated solar illumination (0.1 W cm~2) during 60 min
of testing with 15 min light irradiation intervals. The top row shows the
corresponding digital images of the well plate, with CGA content
increasing from 0 to 30 wt% from left to right.
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Photothermal images show the samples’ temperature under
continuous light irradiation. The samples were dispersed in
water at a concentration of 0.5 mg mL™". The optical photo-
graph (top) shows the appearance of the samples as the CGA
content increases. The infrared thermal maps below reveal a
composition-dependent increase in temperature. The neat
control sample shows minimal heating, whereas samples con-
taining CGA exhibit progressively higher surface temperatures.
As the CGA loading increases, the temperature rises systemati-
cally, as indicated by the color scale. The U66N/CGA30 dis-
persion increased from 20 °C to 43 °C within the first 15 min
of irradiation and reached a maximum of 55 °C. In practical
application, the photothermal effect can accelerate photo-
catalytic reaction kinetics, as demonstrated in the decompo-
sition of DMNP using UiO-66-NH,/graphene composites.*®

Discussion

The synthesis of U66N/CGA in the lab-scale scCO, continuous
flow reactor demonstrates a proof-of-concept for scalable MOF-
graphene composite synthesis. HydroGraph Clean Power, Inc.
already synthesizes graphene aggregates at scale. For the MOF
coating, increased production rates may be achieved by higher
precursor throughput and optimizing CO, flow rates and injec-
tion method. Although these optimization strategies may pose
engineering challenges, using a larger reactor pressure vessel
will allow us to maintain the required residence time and reac-
tant mixing levels. CO, can be recycled as in current indus-
trial-scale supercritical fluid extraction (SFE) systems. The
addition of a product-collection vessel can facilitate in situ acti-
vation of the MOF/graphene product.’® A comparison between
our synthesis method and other MOF/graphene synthesis
methods is detailed in Table S1.

MOF/graphene composites have been studied as photocata-
lysts in the degradation of dyes and pharmaceuticals.*’™**
UiO-66-NH, has been reported to catalyze aldol condensates
and CWA degradation.*>™*” UiO-66-NH,, as a photocatalyst,
may also degrade antibiotics and parabens, while incorporat-
ing graphene may enable hydrogen production, CO, reduction,
and improved CWA degradation.?®*%7? The conformal UiO-66-
NH, shell formed on CGA provides intimate interfacial
contact, a feature widely recognized as critical for efficient
charge transfer and recombination suppression in hybrid
photocatalytic systems.>*>* Such interface engineering is
expected to promote effective coupling between light absorp-
tion, charge generation, and surface reaction sites. Defect sites
within the UiO-66-NH, framework may enhance photocatalytic
performance by increasing the density of accessible active sites
and providing charge-trapping sites that reduce charge
recombination.”®>’ In addition, the U66N/CGA component
exhibits photothermal heating under light irradiation.
Localized photothermal heating has been reported to acceler-
ate surface reaction kinetics by enhancing molecular diffusion
and lowering kinetic barriers.>® Together, these features indi-
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cate that the U66N/CGA nanocomposites are a promising plat-
form for photocatalytic applications.

Based on the experimental observations, a mechanistic
interpretation of the scCO,-assisted MOF coating process is
proposed. The use of scCO, is critical for achieving a uniform
UiO-66-NH, coating. Although the CGA is functionalized with
carboxyl groups, this surface functionalization alone is insuffi-
cient to promote conformal MOF growth on the CGA surface.
This is evidenced by control solvothermal syntheses conducted
under otherwise identical conditions, which indicates no
observable heterogeneous nucleation of UiO-66-NH, on CGA.
Despite limited reports on MOF coatings, synthesis in scCO,
may offer advantages for coating metal oxides and polymers
onto carbon nanotubes.>® The role of scCO, is generally attrib-
uted to several key aspects: (i) the solubility of reactants can be
tuned by adjusting the density of the supercritical fluid,
thereby shifting reaction equilibria; (ii) rapid mass and heat
transfer in scCO, reduces the diffusion limited steps and accel-
erates global reaction kinetics; (iii) reduced interfacial tension
at the solid-liquid interface in the presence of scCO, improves
wetting of the substrate surface;° and (iv) the near-zero
surface tension of scCO, enables solvent removal without
capillary stresses, thereby preserving the structural integrity of
coated surfaces. This work suggests that the reduced effective
dielectric constant of the solvent mixture enhances the adsorp-
tion of Zr"" species onto the CGA surface, thereby providing a
high density of nucleation sites for subsequent MOF growth.
The diffusion of Zr-MOF precursors and the fast kinetics of
non-classical crystal growth also play essential roles in the for-
mation of MOF shells. Future investigation should consider
elucidating MOF synthesis and surface coating mechanisms
and include the analysis of elemental oxidation states.

Conclusions

In this work, we demonstrated a scalable, scCO,-assisted con-
tinuous-flow approach for the synthesis of UiO-66-NH,/CGA
nanocomposites with well-controlled interfacial architecture.
By integrating chamber-explosion-derived layered graphene-
based CGA with scCO,-assisted MOF synthesis, this method
overcomes key limitations of conventional batch and solvo-
thermal approaches, such as long reaction times, poor inter-
facial contact, and limited throughput. The scCO, environ-
ment plays a critical role in promoting rapid nucleation and
conformal growth of UiO-66-NH,, resulting in uniform MOF
shells coating fractal CGA clusters within 1.2 min and at
several grams per hour yields. The U66N/CGA nanocomposites
maintain crystallinity, high BET surface areas, and pore struc-
tures of the parent MOF. Thermal and spectroscopic analyses
indicate that CGA incorporation induces defect formation
without compromising the structural integrity of UiO-66-NH,
or inducing significant chemical modification of the graphene
phase. Increasing CGA content yields a strong photothermal
response under simulated solar illumination, confirming
efficient photothermal conversion. The resulting UiO-66-NH,/
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CGA materials show strong potential for photocatalytic and
related energy and environmental applications. Current
research focuses on understanding the mechanism of scCO,-
assisted coating and extending this approach to a broader
range of MOFs and nanoscale substrates.
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