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This study provides a systematic and comprehensive investigation
of the transformation process of copper-based metal—organic
frameworks (Cu-BTC MOFs) into nanoporous copper oxides (P-CuO,)
through controlled calcination. While calcination is a well-established
method for producing MOF-derived oxides, previous studies have
primarily focused on their applications. Most of them often lack
detailed exploration of the transformation process and decomposition
mechanisms though it is crucial for achieving tunability in MOF-derived
structures. Our study addresses this gap by offering valuable insights
that can guide the production of various MOF-derived oxides with
tunable structural and functional properties. In this report, we have
meticulously analysed the combined effects of calcination parameters,
including temperature (250-500 °C), heating rate (0.5-10 °C min™3),
and duration (1 and 2 hours) on the phase transformation, morpho-
logical features, and optical properties of Cu-BTC during its transfor-
mation to P-CuO,. Results revealed that fine adjustments to these
calcination parameters allow precise control over phase purity, surface
area, and porosity, achieving a high surface area of 113 m? g~* for
derived P-CuO. Furthermore, the P-CuO, materials exhibited strong
visible-light absorption, highlighting their potential for solar energy
harvesting applications. This approach opens opportunities for design-
ing advanced materials with customized performance characteristics.
The findings have broad applicability and enable the research com-
munity to fully exploit MOF-derived oxides for designing advanced
materials with customized properties for diverse applications, includ-
ing energy, sensing, and biomedical.

1. Introduction

Nanoporous materials, which are characterized by their intri-
cate networks of tiny pores, have emerged as a revolutionary
class of materials with a wide range of applications." These
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New concepts

In this study, we introduce a systematic exploration of the transformation
of Cu-BTC metal-organic frameworks (MOFs) into nanoporous copper
oxides (P-CuO,) via controlled calcination, filling a significant gap in the
understanding of the MOF-to-metal oxide transformation process. Unlike
previous studies that have predominantly focused on applications of
MOF-derived oxides, our research delves into the intricate transformation
mechanism itself. By fine-tuning calcination parameters, including
temperature, heating rate, and duration, we demonstrate precise
control over phase purity, surface area, porosity, and optical absorption
properties. This approach has not only allowed us to synthesize P-CuO,
with tunable properties but also provided new insights into the
decomposition mechanism of Cu-BTC, setting a foundation for further
exploration into material design with specific applications in mind.
Moreover, our findings offer a broader framework for applying this
novel calcination strategy to other metal-organic frameworks (MOF),
potentially revolutionizing the design and functionality of materials
across various high-efficiency applications.

materials, with pores on the nanoscale, offer unique environ-
ments for interactions with molecules, atoms, and ions at
multiple interfaces, both external and internal surfaces. Such
interactions can lead to superior performance compared to
their non-porous counterparts.>> Among these materials, nano-
porous metal oxides (P-MO,) are of great importance, combin-
ing the benefits of metal oxide chemistry with the distinct
features of porous structures. Such materials have a myriad of
applications such as energy storage,* electrocatalysis, super-
capacitors,”® battery electrode materials,” sensing,*° drug
delivery applications.'® However, synthesizing these P-MO,
with precise control over pore size, pore distribution, and
structural hierarchy remains a significant challenge.
Metal-organic frameworks (MOFs) which are recognized as
porous coordination polymers (PCPs) have received a great
attention. MOFs are increasingly utilized as templates or pre-
cursors to derive P-MO, with tuneable properties in simple one
or two step processes. This is particularly important when
considering the limitations and complexity of conventional
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synthesis methods of P-MO, such as soft-template, hard-
template, electrospinning, and hydrothermal methods, which
often struggle with uncontrollable pore size, limited oxide-
types, and time consuming post-treatments.’*™* Moreover,
MOFs templated synthesis of P-MO, provides versatility in
producing single or multi-metal oxides with controlled struc-
ture, morphology, porosity and pore size distribution.">*°

The synthesis of MOF-derived metal oxides can be achieved
primarily through two techniques: heat treatment'” or chemical
solution reactions.'® Heat treatment is notably favoured in the
synthesis of MOF-derived P-MO, due to its simplicity and effec-
tiveness. This method provides extensive control over the final
properties of the derived metal oxides, including morphology,
composition, and porosity. Such control is critical and is influ-
enced by several factors: the choice of MOF precursor, the atmo-
sphere during heating, and specific calcination parameters such as
temperature, duration, and heating rate.'® These factors collec-
tively determine the quality and applicability of the synthesized
P-MO,. Also, the heat treatment process offers a rapid and
sustainable route to transform MOFs into P-MO, through a one-
step procedure, with a higher degree of flexibility. This method’s
flexibility allows for the synthesis of a wide variety of metal oxides
with tailored properties to suit specific applications.

Despite these advantages, achieving precise control over this
thermal transformation process requires a deep understanding
of the decomposition mechanisms of MOFs under heat. This
area remains underexplored, especially regarding the detailed
phase transitions and chemical changes that occur during heat
treatment under varying parameters. Gaining comprehensive
understanding could significantly expand the synthesis cap-
abilities, enabling the precise tuning of compositions needed
for diverse applications ranging from catalysis to energy sto-
rage. Success here could enhance the synthesis of a broad range
of MOF-derived metal and enable compositional tuning as
required for various applications.

Herein, a systematic study investigated the transformation
of Cu-based MOF (Cu-BTC) into nanoporous copper oxides
(P-CuO,) under various thermal conditions, focusing on how
calcination temperature (7¢), heating rate (HR), and duration
influence the composition, porosity, and crystalline phases.
Previous studies showed the formation of copper oxides from
Cu-BTC and mostly focused on the applications of those
derived materials.>*>* In contrast, this work uniquely examines
the transformation mechanism itself, revealing how precise
adjustments to calcination parameters can control the phase
purity, morphology, and pore size distribution. The findings
revealed that both the T and HR significantly influence the
phase transformations and porosity of the obtained P-CuO,.
At 300 °C, a critical T¢ threshold was observed, where Cu-BTC
transformed into mixed phases of CuO and Cu,O, with the
proportion of Cu,O decreasing as the HR increased. Notably,
slower HR favoured the maintenance of higher surface areas,
with the highest recorded surface area of 113 m* g~ ' achieved
for P-CuO, sample synthesized at T¢ of 300 °C using a HR of
0.5 °C min~ " for 1 h. Higher T led to the complete transforma-
tion into a pure CuO phase. Furthermore, employing a step
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heating process demonstrated that a gradual increase in tem-
perature can help optimize the surface area. The obtained
P-CuO showed superior optical absorption over broader wave-
length range with high intensity across the visible light range.
These findings not only highlight the potential for precisely
tailoring the properties of the synthesis of P-CuO, required for
specific application but also deepen the understanding of the
Cu-BTC transformation process and how calcination para-
meters affect the structure and physicochemical properties of
P-CuO,.

2. Experimental work

2.1. Raw materials

Copper benzene-1,3,5-tricarboxylate (Cu-BTC) with empirical
formula of C;3HsCu;0;,, supplied by Sigma Aldrich, catalogue
number 688614, was used as a precursor to derive P-CuO,. The
Cu-BTC crystalline structure was presented in Fig. S1 (ESL¥
Section S1). Ethanol was employed as the dispersion medium
for sample preparation for different characterization techni-
ques and used as a base-fluid to prepare the dispersions for
optical measurements.

2.2. Synthesis of P-CuO,, from Cu-MOF

Cu-BTC was employed as a precursor for synthesis of P-CuO,
through a carefully controlled heat treatment process con-
ducted in a muffle furnace. The experiments were carried out
in air environment under different heating parameters including
calcination temperature (T¢), heating rate (HR), and duration. The
schematic (Fig. 1) illustrates the calcination processes, highlight-
ing how specific calcination parameters influence the formation of
copper oxides derived from Cu-BTC. In each experimental setup, a
precise quantity of 30 mg of Cu-BTC was uniformly spread across a
60 mm diameter borosilicate glass 3.3 Petri dish, which was then
placed inside the furnace. The calcination process was executed
at incremental T¢ of 250, 300, 400, and 500 °C. This gradation
allowed for a detailed analysis of temperature impacts on the
transformation processes of the Cu-BTC. Further, to understand
the influence of heating dynamics on the transformation process,
this calcination process was carried out primarily with two HR:
5°C min~ " and 1 °C min~", with each rate applied for durations of
1 and 2 hours. These variations were critical in determining the
time-dependent effects on the synthesized P-CuO,.

Specific attention was directed towards the samples calci-
nated at 300 °C, following intriguing phase composition find-
ings from initial characterization results. These samples were
subjected to further experimentation by applying the heat
treatment with various HR (0.5, 1, 2, 3, 5, and 10 °C min™ ),
each for 1 h. Moreover, a novel two-step calcination process was
also employed. Initially, Cu-BTC was heated from room tem-
perature to 300 °C at a rate of 1 °C min~ ' and maintained at
that temperature for 1 h. Subsequently, the temperature was
raised to 500 °C at the same rate and held for an additional
hour. To quantify the weight loss and further understand
the transformation of Cu-BTC into P-CuO,, each sample was
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Fig. 1 Schematic illustrating the controlled calcination process of Cu-BTC driving the formation of copper oxides.

weighted before and after the calcination process. Finally, the
obtained P-CuO, was analyzed for its chemical composition,
morphology, related surface area, pore size, and optical
properties.

2.3. Characterization

Morphological characteristics and chemical composition were
examined using a HITACHI SU5000 scanning electron micro-
scope (SEM) equipped with an energy-dispersive X-ray spectro-
metry (EDX) detector. SEM images were captured at an acce-
leration voltage of 10 kV. Samples were prepared via drop-
casting, where the powder suspended in ethanol was placed on
a silicon substrate and dried at 75 °C on a hot plate. Transmis-
sion electron microscope (TEM) measurements were performed
at 200 kv using JOEL JEM-2100F. For TEM, a droplet of the
ethanol-powder mixture was applied onto a copper-coated
carbon grid and left to dry overnight. Crystallographic struc-
tures were characterized using X-ray diffraction (XRD) with a
D8-Discover/Bruker diffractometer (Cu-Koy, 4 = 1.54056 A) at
40 kv/40 mA. XRD patterns were recorded over the 20 range
of 20-60° for P-CuO, powder samples loaded onto a zero-
background substrate. Additionally, Raman spectroscopy was
performed on P-CuO, powder samples placed on silicon sub-
strate, using the Renishaw Invia Qontor system with a green
laser as the excitation source at 532 nm. Thermogravimetric
analysis (TGA) was performed using the TGA Q500 to investi-
gate the weight loss occurring as a function of the temperature
during the calcination process.

Surface and chemical bonding studies were conducted with
X-ray photoelectron spectroscopy (XPS), reflection electron
energy loss spectroscopy (REELS), and ultraviolet photoelectron
spectroscopy (UPS) using the Thermo Fisher Scientific ESCA-
LAB Xi' spectrometer. The spectrometer equipped with X-ray
source of Al Ko anode (hv = 1486.6 eV, 650 pm spot size),
operated at 15 kV and 15 mA. Survey scans were recorded with
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step size of 1 eV and pass energy of 160 eV, while the high-
resolution scans used a step size of 0.05 eV and pass energy of
20 eV. The operating pressure was maintained at 10~ ° bar for
all experiments. Thermo Scientific™ Avantage software was
used for XPS fitting, referencing the adventitious carbon C-C
peak at 284.8 eV for binding energy calibration. REELS were
performed using a primary electron beam with an energy level
of 1000 eV. Additionally, the electronic structure of P-CuO, was
analyzed by UPS where the energy of monochrome UV light
source was 21.22 eV. All measurements for XPS, REELS, and
UPS were carried out on the same sample, prepared similarly to
SEM samples. The Brunauer-Emmett-Teller (BET) specific sur-
face area and pore volume characteristics were studied from the
results of the nitrogen adsorption and desorption isotherms
using the Nova-600, Anton Paar instrument with nitrogen as the
adsorbate at 77 K and helium mode for void volume correction.
Samples were first degassed at 130 °C for 16 hours to remove
adsorbed gases and moisture, then weighed post-degassing
before BET analysis.

Finally, ultraviolet-visible-near infrared (UV-Vis-NIR) spectro-
scopy was conducted to investigate the optical properties of the
samples. Measurements were carried out at room temperature
using the Lambda 1050+ with 150 mm integrating sphere, from
PerkinElmer Inc. Liquid samples were prepared by dispersing the
heat-treated Cu-BTC in ethanol. The process of achieving a homo-
geneous solution involved using a water bath sonication technique
for 10 minutes. This method ensures well dispersion of the heat-
treated Cu-BTC within the ethanol and is more suitable for main-
taining, as closely as possible, the inherited engineering structure.
Transmission and scattering measurements were conducted using
three milliliters of the solution placed into a quartz cuvette,
characterized by four clear-windows and 10 mm path length. The
measurements were performed in both standard transmittance
mode and using an integrating sphere, which recorded not only
transmitted light but also any reflected or scattered light.

This journal is © The Royal Society of Chemistry 2025
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3. Results and discussion across a 20 range of 20-60°, demonstrated notable phase
g P

3.1. Xray diffraction study of MOF derived P-CuO evolution influenced by both calcination temperature (7¢)

oAl X

and the applied heating rate (HR). Initial examinations on the
sample calcinated at 250 °C with HR of 5 °C min~"* for 1 h, as
transitions and crystallite size variations in Cu-BTC subjected  presented in Fig. 2(a), revealed no detectable crystallogra-
to various calcination conditions. The XRD patterns, captured phic transformations. This remained unchanged even when the

Comprehensive XRD analyses were conducted to assess phase
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Fig. 2 (a) and (b) XRD patterns of Cu-BTC-derived samples synthesized at different calcination temperatures (Tc) with the heating rate (HR) of
5°C min~t (a) and 1 °C min~? (b), for 1 h duration. (c) XRD patterns of P-CuQ, synthesized at Tc of 300 °C (for 1 h) with different HR. (d) Crystallite size of
P-CuO synthesized at Tc of 400 and 500 °C for 1 h, comparing those treated with different HR (5 °C min~*and 1 °C min~?). (e) Crystallite sizes of CuO and
Cu,0 phases and the quantification of Cu,O for the P-CuO, synthesized at 300 °C at different HR and durations.
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treatment duration was extended to 2 h, as shown in Fig. S2a (ESL ¥
Section S2), where all diffraction peaks were consistent with those
of Cu-BTC (ICDD card 00-065-1028),* affirming the stability of
Cu-BTC under these conditions. However, raising the 7 to 300 °C
initiated a notable phase transition, where the diffraction patterns
indicated the transformation of Cu-BTC into a mixed phase of
P-CuO, (Fig. 2(a)). The two phases, cuprous oxide (Cu,O) and
cupric oxide (CuO), were observed for both durations of 1 h and 2
h, as shown in Fig. S2b (ESI}). All diffraction peaks matched well
in position and intensity with ICDD card no. 00-005-0661 and
ICDD card no. 01-077-0199 for CuO and Cu,O respectively. Upon
elevating the T¢, to 400 and 500 °C, the XRD patterns indicated
a complete transformation of Cu-BTC into single phase P-CuO
(Fig. 2(a)). The characteristic peaks appeared at 26 values of 32.5°,
35.4° 38.7°, 46.3°% 48.7°, 51.3°, 53.4°, and 58.3° correspond to the
(110), (—111), (111), (—112), (—202), (112), (020), and (202) crystal
planes respectively and consistent with ICDD card no. 00-005-0661
of CuO.

Given the observed stability of Cu-BTC at 250 °C and the
phase transitions noted at 300 °C, it became crucial to identify
the exact temperature at which complete transformation to
copper oxides occurs. To pinpoint this temperature within this
range of 250 °C to 300 °C, additional XRD studies were
conducted for Cu-BTC-derived samples synthesized at 270 °C
and 285 °C with the heating rate (HR) of 5 °C min~" for 1 h
duration. The XRD results (Fig. S3 ESLT Section S2), revealed
that complete transformation of Cu-BTC to copper oxides was
achieved at approximately 285 °C, marking a definitive phase
change.

A reduction in the HR to 1 °C min ™" altered the diffraction
patterns slightly, as illustrated in Fig. 2(b). While the phase
composition of the sample calcinated at 250 °C remained to be
Cu-BTC (also, see Fig. S2e, ESIf), a notable change in the
diffraction patterns was observed for samples treated at
300 °C. Unlike the rapid HR of 5 °C min ', the Cu,O phase
disappeared in the obtained structure. However, there was a
significant change in the crystallite size as will be described
later. The presence of single phase CuO was observed exclu-
sively at the higher T¢ of 400 and 500 °C. To address the
challenge with achieving pure phase CuO with high crystal-
linity, especially noted with sample of 300 °C with HR of
1 °C min ', a stepped heat treatment was conducted. The
temperature was initially increased to 300 °C at HR of 1 °C min ™"
and held for 1 h, then raised to 500 °C under the same HR and
kept for another 1 h. The diffraction patterns showed only CuO
phase with sharp peaks, as shown in Fig. S4 (ESIL,T Section S2).

The preliminary observations from the XRD patterns for the
lower HR of 1 °C min ' exhibited distinct features compared to
the faster HR of 5 °C min~ ", suggesting the profound impact of
HR on phase transformation. Following these findings, further
experimentations were conducted for more investigation of the
transformation, phase composition and quantification of sam-
ples treated at 300 °C. These experiments were carried out with
different HR: 0.5, 1, 2, 3, 5, and 10 °C min " for 1 h (Fig. 2(c)).
At an even lower HR of 0.5 °C min~", the sample exhibited a
single phase CuO structure, consistent with the behaviour
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observed at 1 °C min~'. In contrast, Coexistence of CuO and
Cu,O phases was observed with HR of 2 °C min™" and for all
other faster HR. Notably, the crystallite sizes exhibited marked
variations across the different rates, underscoring the signifi-
cant impact of heating dynamics on crystallite morphology and
overall structural integrity.

The crystallite sizes of the synthesized P-CuO at T¢ of 400
and 500 °C were rigorously evaluated using XRD, with analysis
based on the main peak CuO (—111). The full-width half
maximum (FWHM) of the peak was measured, and Debye-
Scherrer formula,*® as indicated in eqn (1), was applied.

kA
b= p cos 0 (1)

where D is the crystallite size, K is the shape factor (usually
taken as 0.9%7), 1 is the wavelength of the incident X-ray
radiation (/1 = 0.15406 nm), f§ is the FWHM, and 0 is the Bragg’s
angle. Analysis revealed that the crystallite sizes of the synthe-
sized P-CuO, changed by T and HR, as presented in Fig. 2(d).
Interestingly, variation in size due to changes in the duration
was minimal. For example, samples calcinated at 400 and
500 °C with a rapid HR of 5 °C min~" for 1 h, crystallite sizes
were 14.63 nm and 17.61 nm, respectively. These sizes slightly
increased to 14.89 nm and 17.75 nm when the duration was
extended to 2 h, as shown in Fig. S5 (ESL} Section S2).
Conversely, a slower HR of 1 °C min~' for 1 h resulted in
smaller crystallite sizes of 12.83 nm and 15.74 nm at 400 and
500 °C respectively, with marginal growth to 12.91 nm and
15.79 nm for 2 h. However, a further reduction in HR to
0.5 °C min~! resulted in no significant change in crystallite
size compared to the sample treated at 1 °C min ', as shown
Fig. S6 (ESI,T Section S2). These findings underscore the impact
of the heating dynamics on crystallite growth, where the rapid
rate promoted larger crystallite size. This was widely investi-
gated for the sample calcinated at 300 °C for both existing
phases, Cu,0 and CuO, as shown in Fig. 2(e). The crystallite
size of CuO measured 7.72 nm at an HR of 1 °C min~" and
decreased slightly to 7.2 nm when the HR was lowered further
to 0.5 °C min~ ', emphasizing the role of slower heating in
reducing crystallite size. In contrast, increasing the HR to
10 °C min ' led to substantial growth, with the crystallite size
of CuO reaching 16.04 nm under the same duration of 1 h
calcination. The same phenomenon occurred for the Cu,O
phase, where the crystallite size at duration of 1 h increased
from 8.36 nm at 2 °C min ' to 12.87 nm at 10 °C min .
Increasing the heating duration from 1 h to 2 h
slightly changed the crystallite size as recorded at HR of 1,
and 5 °C min™.

In terms of phase quantification, the pure CuO was the
dominant phase for the samples calcinated at elevated T¢ of
400, and 500 °C. Only samples treated at 300 °C showed mixed
phases of Cu,0 and CuO at different HR except at 1 °C min™ .
The proportions of these phases were quantitatively assessed by
analyzing the intensity of the characteristic diffraction peaks
for CuO(—111) and Cu,0(111) planes, using the relative ratio
formula: Cu,0% equals to Icy op11)/(Icu,0a11) + Touo-111)->°

This journal is © The Royal Society of Chemistry 2025
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This analysis, as depicted in Fig. 2(e), presented the percen-
tages of the Cu,O for the samples treated at 300 °C. It was
observed that the highest content Cu,O was 29.5 wt% and
recorded with the rate of 2 °C min ' for 1 h. Notably, this
percentage decreased to be 11.6 wt% with raising the HR at
10 °C min~ ', Extending the treatment duration from 1 hto 2 h
resulted in a marginal impact to the content of the Cu,O phase
in the sample. As noted with HR of 5 °C min ", the percentage
slightly increased from 20.25 wt% at 1 h to 20.86 wt% at 2 h.

3.2. TGA analysis

While XRD provided insights about the crystal structure of
MOF-derived copper oxides, it was essential to understand the
thermal decomposition behavior that guided our heat treat-
ment process. This understanding came from our preliminary
TGA study that was complemented with differential thermo-
gravimetry (DTG) analysis, offering deeper understanding for
the thermal decomposition behavior of Cu-BTC. TGA was
conducted from 25 to 600 °C with HR of 5 °C min~" in air
environment, as shown in Fig. 3(a). TGA revealed two main
weight losses during the decomposition of Cu-BTC. The initial
weight loss (~10.5%) was observed between 40-135 °C which
corresponds to the removal of the water and some volatile
organic components from the structure of Cu-BTC, and DTG
analysis showed that the maximum rate of weight loss hap-
pened around 96.5 °C. The second and most-significant weight
loss was observed between 285-335 °C, where approximately
66.4% of the initial mass was lost. This massive decrease is due
to the breakdown of the Cu-BTC structure. In this stage, DTG
displayed a high rate of weight loss around 297 °C, which
corresponds to breaking of carboxyl groups (-COOH) from the
benzene ring. Subsequently, some gases such as CO,, CO, and
water vapor could be released from the structure. The removal
of carboxyl groups led to the formation of copper oxides Cu,O
and CuO increasing the temperature led to the total decom-
position of the ligand BTC with the highest weight loss rate that
indicated by the sharp DTG peak at 320 °C. Beyond this, no
noticeable thermal decomposition or weight loss was observed,
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indicating the complete decomposition of Cu-BTC structure
and its transformation into Cu,O and CuO. A very slight weight
gain of approximately 1% was observed around 400 °C.
The weight gain is significantly low making it difficult to draw
a definitive conclusion. Upon closer inspection, the increase
occurs gradually between 350 °C and 520 °C before levelling off.
This indicates that within this temperature range the complete
phase transformation takes place resulting the formation
of pure phase CuO. This observed weight increase could be
attributed to a slow oxygen uptake during the oxidation pro-
cess, where Cu,O transforms into CuO and maintained as a
single phase.**™"

Guided by TGA profile of Cu-BTC, the heat treatment was
strategically carried out across a specific range of T¢ as
previously described. To accurately quantify the effect of this
thermal treatment, each sample was precisely weighed before
and after treatment, allowing for the determination of exact
weight loss, as shown in Fig. 3(b). The measurements revealed
that at 250 °C, all samples showed weight loss around 12%,
accordance with the removing of water from the structure.
All samples at T¢ of 300, 400, and 500 °C showed weight loss
around 68%, closely aligning with the weight loss observed
during TGA analysis.

3.3. Microstructural and compositional analysis

The morphological characteristics of the precursor Cu-BTC and
the synthesized P-CuO, at different T for 1 h duration were
studied by SEM. As presented in Fig. S7 (ESI,T Section S2), Cu-
BTC with an average particle size of 35 um (Fig. S7a-c, ESIY),
displayed a well-defined octahedral crystalline structure. Upon
calcination at 250 °C, as observed in Fig. S7d (ESIt), the sample
still have the original shape of the Cu-BTC (Fig. S7c, ESIT).
Remarkably, SEM analysis of P-CuO, across all the tempera-
tures tested, with higher magnification insets (Fig. 4), revealed
the preservation of the octahedral morphology inherent to Cu-
BTC. Samples treated at 300 °C with faster HR of 5 °C min ™"
showed slight changes from the well-defined octahedral shape,
as shown in Fig. 4(a), compared to the slower HR of 1 °C min ™"
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(a) TGA and DTG of Cu-BTC in air. (b) Calculated weight loss of heat-treated Cu-BTC.
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HR = 5°C/min

Fig. 4 SEM of the synthesized P-CuO, at 300 °C (a) and (d), 400 °C (b) and (

and 1 °C min~? (right column).

in Fig. 4(d), which retained more of the original shape of parent
Cu-BTC MOF with shape features and more defined edges.
Increasing the temperature T¢ to 400 and 500 °C with 5 °C min™"
resulted in more morphological changes (Fig. 4(b) and (c)) com-
pared to a slower HR of 1 °C min~" (Fig. 4(e) and (f)). Magnified
SEM images (Fig. S8a and b, ESI,} Section S2) displayed that the
obtained P-CuO was porous and composed of large numbers of
CuO nanoparticles with size less than 100 nm, assembled forming
a nanoporous structure. Also, Fig. S8c—f, ESL{ presented
SEM images showing the internal morphology of the synthesized
P-CuO.

EDX analysis, complemented with elemental mapping
(Fig. S9 and S10, ESLj Section S2), provided quantitative
insights into the elemental composition of the samples. This
elemental analysis was applied to the heat-treated samples at
HR of 5 °C min "' for 1 h duration. As inferred from the
mapping of Cu-BTC, Fig. S9a, ESI,} the elements detected were
C, O, and Cu with atomic concentrations of 59.2, 34, and 6.8%
respectively. As expected, a high carbon content that attributed
to the ligands, compared to the lower copper content that
matches with the metal ions. The observed high oxygen content

868 | Mater. Horiz., 2025, 12, 862-876
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HR = 1°C/min

was consistent with the carboxylate groups in the ligands as
well as the adsorbed water within the structure. After calcina-
tion at 250 °C (Fig. S9b, ESIt), the carbon content remained
relatively unchanged, while a noticeable decrease in the oxygen
content was recorded alongside with increase in copper con-
tent. This reduction in the oxygen amount is due to removal
of the water from the structure. Upon elevating at 300 °C
(Fig. S10a, ESIT), EDX analysis detected only O, and Cu that
constituent about 57.6, and 42.4% respectively, indicating the
complete transformation of Cu-BTC into copper oxides and the
removal of carbon. Fig. S10b and c, ESL,{ presented the same
observation for the samples at higher T of 400, and 500 °C with
marginal changes in oxygen and copper contents. Additionally,
elemental mappings for the synthesized P-CuO, at 300, 400,
and 500 °C highlighted a homogeneous distribution for copper
and oxygen, demonstrating a uniform transformation of
Cu-BTC into copper oxides.

3.4. TEM analysis of the heat-treated Cu-BTC

Based on TGA results complemented with the prior chemical and
morphological analysis, calcination of Cu-BTC at T of 500 °C for

This journal is © The Royal Society of Chemistry 2025
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1 h with HR of 5 °C min~" confirmed the complete transformation
of Cu-BTC into a pure CuO phase. Subsequently, this sample
underwent further characterization. TEM analysis, as shown in
Fig. 5, was carried out for this sample to investigate the nano-
structural features of the synthesized CuO. Fig. 5(a) and (b)
presented the particle size, and the sample showed particle size
mainly in the range of 25-45 nm, with a mean particle size of
approximately 31 nm. The selected area electron diffraction (SAED)
pattern shown in Fig. 5(c) revealed the characteristics diffraction
rings corresponding to the (—111), (111), and (202) crystal planes
of CuO. Additionally, the high-resolution lattice-resolved TEM
image (Fig. 5(d)) revealed an average interlayer spacing of
0.25 nm (between the lattice fringes), which aligned well to the
(—111) lattice planes of monoclinic CuO.

3.5. XPS analysis for chemical state and surface composition

Based on XRD and Raman analysis (ESL 1 Section S3) for the
thermal-treated Cu-BTC with HR of 5 °C min ! for 1 h duration,
distinct phases were identified with mixed phases Cu,O and
CuO for the P-CuO, synthesized at T of 300 °C and a pure CuO
phase at 500 °C. Guided by these findings, XPS was employed
for further investigation of the chemical state of these samples.
Fig. S12 (ESI, Section S4) showed the survey spectra, which
confirmed that the observed peaks were associated with peak
elements of carbon, oxygen, and copper. No impurities were
detected in the survey spectra. The major contribution for each
element in the Cu-BTC and the synthesized P-CuO, at 300 and

60

5 {1/nm)
- Sl DR

Fig. 5 (a) TEM image of the synthesized P-CuO at 500 °C (with HR of 5 °C

10 15 20 25 30 35 40
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500 °C were recorded in Table S1 (ESL+ Section S4). A high-
resolution selected area scans were also recorded for the
individual elements of O 1s, and Cu 2p for Cu-BTC, and the
samples treated at 300, and 500 °C.

The high-resolution spectra of O1s, as shown in Fig. 6(a),
showed one peak for Cu-BTC at 532.6 eV that can be assigned to
Cu-O-C species and indicate the presence of carboxylic groups
in Cu-BTC.**** For samples of P-CuO, at 300 and 500 °C, the
spectra were decomposed into three peaks at 529, 530.7, and
532.6 eV, and the peak fitting parameters were represented in
Table S2 (ESL 1 Section S4). The first peak at 529 eV is related
to the binding energy of the lattice oxygen O~ in CuO. The
other two peaks at 530.7 and 532.6 eV are related to the oxygen
species of surface hydroxyls (O-H) and O-C respectively, that
adsorbed onto the surface of P-CuO,.>°

XPS spectra of Cu 2p, for all samples Fig. 6(b), displayed two
main peaks located at 934.8 and 954.6 eV that were associated
with the Cu 2p;/, and Cu 2p,,, respectively. The position of the
two peaks matched well with the data recorded in the literature
for Cu 2p,**® also the separation of 19.8 eV between the two
peaks was the same as in the standard of Cu 2p spectrum.***°
The peak’s shape was fitted by Gaussian/Lorentzian line-shape
(GL30), which was modified by exponential blend to better
match the observed data. The results of peak fitting revealed
convoluted peaks that attributed to the oxidation state of Cu(u)
for all samples. Additionally, the presence of the satellite peaks
indicates a partially filled 3d° shell due to the higher oxidation

(b)

T

N
Vs
45 50 55 60
Particle Size (nm)

—

min~* for 1 h); and the respective (b) particle size histogram distribution, (c)

selected area electron diffraction (SAED) pattern, and (d) lattice-resolved image collected from the region enclosed in a white rectangle.
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(a) and (b) High resolution spectrum of O 1s (a) and Cu 2p (b) XPS spectra of pristine Cu-BTC and the synthesized P-CuO, at 300 and 500 °C (with

HR of 5 °C min~* for 1 h). (c) and (d) O 1s and Cu 2p spectra, respectively, for the sample treated at 300 °C after applying ion-beam based surface etching.

state of Cu(u).>”** It was noticed that for samples calcinated at
300 and 500 °C, these satellite peaks become strong and
positioned at 942.4, 945, and 963.3 eV. The strong satellite
peaks provided evidence of Cu(u) oxidation state indicating the
existence of CuO phase and negated the likelihood of a Cu,O
phase being present.*” Regarding the samples treated at 300 °C,
according to XRD analysis, both phases CuO and Cu,O existed.
However, XPS spectrum showed only the peak of Cu(u) that
consisted with the CuO. The reason for this contrast is that XPS
can only get the signal from the surface, not collected from the
bulk as achieved in XRD. CuO was the stable phase, therefore
CuO phase existed on the surface of the sample instead of

870 | Mater. Horiz., 2025, 12, 862-876

having a mixed phase. Consequently, it was concluded that
both phases were presented where the CuO is the dominant
and stable on the surface, and it could cover or cap the Cu,O.
This was verified by carrying out ion-beam etching based depth
profiling on the surface of P-CuO, at 300 °C. Etching inside the
XPS chamber was applied to remove some surface layers, and
the underlying layers were analyzed, as shown in Fig. 6(c) and
(d). In situ etching was conducted for 5 minutes using argon
ions (4000 eV, 7 nA beam current, 40° incident angle, and spot
size of 500 um). After etching, O 1s spectrum, Fig. 6(c), showed
one peak located at 530.3 eV that related to Cu,O. Also, the
spectrum of Cu 2p, Fig. 6(d), presented only two sharp peaks

This journal is © The Royal Society of Chemistry 2025
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located at 932.7, and 952.6 eV that matched with Cu,O. Inter-
estingly, the satellite peaks vanished providing clear evidence
of the absence of CuO. It was observed that CuO disappeared
after etching and removing some layers from the surface,
suggesting the existence of Cu,O in the core and CuO at
the outer surface. This phenomenon is matched with the
literature.***?

3.6. REELS analysis

Understanding the electronic properties of the synthesized
P-CuO, is paramount, especially in the context of its prospective
use in nanofluids for solar thermal applications. Band gap
particularly serves as a key indicator for the electronic respon-
siveness and optoelectronic behavior of the material. REELS as
shown in Fig. 7, is a powerful tool for more investigation about
the electronic structures and was used to get the band gap.
Form the low-loss region, as indicated in the insets, the band
gap can be precisely determined.** This REELS study revealed
that the band gap value was E, = 3.36 eV for Cu-BTC and 1.45 eV
for the sample derived at 300 °C. This value for 300 °C is
matched with the band gap of CuO as reported in the literature.
As the REELS is a surface technique, it was not possible to get
the band gap of Cu,O before etching. However, after etching as
shown in Fig. 7(b) the band gap value become 2.07 eV and this
value corresponds to Cu,0.** For samples of 400 °C and 500 °C,
as presented in Fig. 7(c) and (d), the obtained band gap values
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were 1.44 and 1.41 eV respectively and these values were well
matched with CuO based on literature.*®

3.7. UPS analysis

To further investigate the electronic structure, UPS was carried
out for Cu-BTC, and the sample that calcinated at 500 °C, as
shown in Fig. S13 (ESI,} Section S5). The UPS spectra of Cu-BTC
revealed on-set and cut-off energies for Cu-BTC at 1.85 and
19.03 eV, respectively, while P-CuO presented corresponding
energies of 0.56 and 17.5 eV. The work function (¢) was
calculated to be 2.19 and 3.72 eV for Cu-BTC and P-CuO,
respectively, as described in the ESIL,f Section 5. Additionally,
incorporating the band gap (E,) values from REELS with the
Fermi level (Er) and the valence band maximum (VBM) derived
from UPS, the conduction band minimum (Ec) was estimated.
These energy levels were utilized to construct the energy band
diagram for both Cu-BTC and P-CuO, as depicted in Fig. 8,
confirming the p-type semiconductor nature for P-CuO.

3.8. Surface area and porosity analysis

The specific surface area and pore size distribution were
investigated, with measurements conducted by nitrogen physi-
sorption at 77 K for pristine Cu-BTC, and the heat-treated
samples. Full isotherms of the adsorption—-desorption process
were recorded to obtain valuable information about pore size
and volume. These analysis provided insights into the effects of
both T and the HR on surface area and porosity. The obtained
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Fig. 7 REELS spectra of (a) pristine Cu-BTC and the P-CuO, synthesized at (b) 300 °C (before and after surface etching), (c) 400 °C, and (d) 500 °C. Insets

display the low-energy loss region, highlighting the band gap transition.
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Fig. 8 Energy level band diagram of pristine Cu-BT (left side) and
the synthesised P-CuO sample (right side, Tc of 500 °C, HR of 5 °C min~*
for 1 h).

full isotherm for all samples, including Cu-BTC (Fig. S14, ESL+t
Section S6), and synthesized P-CuO, (Fig. 9), could be classified
as type IV based on the international classification of isotherms.*’
This physisorption isotherm, which plots the volume of gas
adsorbed against relative pressure at a constant temperature,
was characterized by the adsorption hysteresis loop. This loop,
representing the deviation of the desorption curve from the
adsorption curve, is associated with capillary condensation occur-
ring within mesoporous structures. type IV with the hysteresis loop
implies the mesoporous structure for all samples.

The isotherm for mesoporous structure typically displays an
initial rapid increase in adsorbed volume corresponding to the
monolayer formation. This is Followed by multilayer adsorp-
tion and capillary condensation as the relative pressure
increases. With the formation of monolayer, the surface area
can be detected over a relative pressure range (p/p°) of 0.02-
0.3,"® where the p represents the applied pressure of the
adsorbate over the sample, and p° is the saturation pressure
of the adsorbate. Monolayer BET analysis for Cu-BTC presented
a high surface area of 1045 m”> g~". This surface area signifi-
cantly decreased for all synthesized P-CuO, samples, as
reported in Tables 1 and 2, indicating the decomposition of
the MOF structure. This reduction became more evident with
increasing 7T, showing values of 33, 17, and 11 m* g~ ' for the
samples treated at 300, 400, and 500 °C, respectively, at HR of
5 °C min~". The heating rate also had a substantial impact on
the surface area. At T¢ of 300 °C, the sample treated with a
slower HR of 1 °C min~" resulted in a significantly higher
surface area of 109 m> g~ compared to 33 m” g~ " achieved with
a rapid HR of 5 °C min~" at the same Tc. Even for the sample
treated at 500 °C, the slower HR preserved a higher surface area
of 25 m* g~ ! compared to 11 m* g~ * at the faster HR. To explore
the effects of an even lower HR, BET surface area measure-
ments were conducted for samples treated at 300 and 500 °C
with an HR of 0.5 °C min ! for a duration of 1 h. At 300 °C, the
surface area increased from 109 to 113 m® g~ ' when the HR was
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reduced from 1 °C min™" to 0.5 °C min~". Similarly, at 500 °C,

! was

a slight increase in surface area from 25 to 26 m”> g~
observed as the HR decreased from 1 °C min~" to 0.5 °C min™".
The full adsorption-desorption isotherms for these samples
were presented in Fig. S15 (ESLt Section S6). These findings
highlight the importance of both T and HR in optimizing the
surface area during the thermal transformation of Cu-BTC into
copper oxides.

Additionally, the hysteresis loops provide insightful infor-
mation about the pore structure of a material. According to the
nitrogen physisorption isotherm of Cu-BTC, where the
desorption and adsorption were nearly horizontal and parallel
over wide range of p/p° (0.5-1), the hysteresis loop could be
classified as type H4 which is related to narrow slit-like pores.
In contrast, the hysteresis loops for synthesised P-CuO, sam-
ples could be classified as type H3, related to slit-shape pores,
without any limiting adsorption at high p/p° as verified in
Fig. 9. Moreover, the adsorption isotherm of heated-treated
samples showed a slight increase in adsorbed volume at a
relative pressure lower 0.6 for samples treated at 300 °C, and
below 0.85 for those treated at both 400, and 500 °C. Following
these thresholds, a significant increase in adsorption was
noted, suggesting that the obtained P-CuO, structure incorpo-
rated a wide range of mesopore sizes (2-50 nm). That was
verified by presenting the pore width insets in Fig. 9. Pore size
distribution and the total cumulative pore volume, noted in
Table 1, were analyzed according to density functional theory
(DFT).>>*° This analysis was derived from the amount of gas
adsorbed over a range of p/p° from 0.15 to near one, and the
total volume of pores was obtained at p/p° = 0.95. The pore size
distribution of pristine Cu-BTC displayed sharp peaks with a
narrow range of pore size, suggesting uniformity in pore size
with the most common value being 2.6 nm. For the calcinated
samples, it was observed that the pore size distribution was
impacted by both T and HR. At T of 300 °C, pore size
increased to 12.11 nm, and 8.14 for samples at HR of
5 °C min~! and 1 °C min~", respectively. For the samples
calcinated at 300 °C and 400 °C with a slower HR, pore sizes
were mostly below 30 nm, with common sizes being 8.14 nm
and 16.68 nm, respectively. However, at T¢ of 500 °C regardless
of HR, pore size distribution displayed a wide range of pore
width over the mesoporous range (<50 nm) and included some
macropores range as well.

Calcinated samples at 300 °C, with different HR were
investigated for surface area and pore width, as noted in Table 2.
The heating rate significantly influenced the surface area and
porosity. The surface area dropped from 109 m> g ' to
58 m® g~ ! when HR changed from 1 °C min~* to 2 °C min ™.
By increasing the HR to 10 °C min ™', the Surface area decreased
to 28 with pore size (mode) of 22.12 nm.

3.9. Optical properties

Uv-Vis-NIR spectroscopy was employed to study the optical
properties and investigate absorption characteristics of P-CuO,/
ethanol dispersion over wavelength range of (300-1400 nm).
Absorption and scattering coefficients were studied by measuring

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 N, Adsorption—desorption isotherms, with insets presenting the corresponding pore size distribution, for the synthesized P-CuO, at different T¢:
(a) and (d) 300 °C, (b) and (e) 400 °C, and (c) and (f) 500 °C, for 1 h duration, with different HR, 5 °C min~* (left column) and 1 °C min~? (right column).

Table 1 Surface area, pore width, and total pore volume for pristine Cu-
BTC and the synthesized P-CuO, at different T¢ with different HR for 1 h

Table 2 BET analysis for the synthesized P-CuO, at T¢ of 300 °C with

different HR for 1 h

HR SgET (Mode) pore Pore volume HR SgeT (Mode) pore  Pore volume

(°C min™) Samples (m>g™") width (nm) (em® g™ Sample (°C min™1) (m*>g™) width (nm) (em® g™
Cu-BTC 1045 2.6 0.656 P-CuO, 0.5 113 8.78 0.434

5 250 °C 1020 4.8 0.595 at 300 °C 1 109 8.14 0.325
300 °C 33 12.11 0.139 2 58 12.11 0.233
400 °C 17 22.12 0.092 3 37 12.40 0.150
500 °C 11 22.12 0.042 5 33 12.11 0.139

1 250 °C 1035 4.5 0.562 10 28 22.12 0.110
300 °C 109 8.14 0.325
400 °C 27 16.68 0.134
500 °C 25 22.12 0.121

the transmittance, and combined transmittance plus scattering
of light pathing through a 10 mm length of the dispersion as

This journal is © The Royal Society of Chemistry 2025

described in literature.® These coefficients are great ways to
illustrate light attenuation due to absorption and scattering
respectively within a specific path length. Fig. 10(a), presented
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Fig. 10
5°C min~! for 1 h), and the corresponding (b) absorption and (c) scattering

transmittance, and transmittance plus scattering for dispersions
with 0.02 wt% of Cu-BTC and P-CuO, samples in ethanol. Absorp-
tion and scattering coefficients of all the samples (Fig. 10(b) and (c))
were calculated and presented as a function of wavelength
(300-900 nm). Cu-BTC/ethanol exhibited the lowest absorption
across the range of interest, particularly below 600 nm, where the
absorption coefficient dropped to nearly zero at 550 nm and
remained low within the 550 to 350 nm range before increasing
at lower wavelength. A similar pattern was observed for the sample
calcinated at 250 °C. This weakness in absorption within the range
of 550-350 nm is attributed to high scattering in this region, as
shown in Fig. 10(c), where the transmittance plus scattering values
for both Cu-BTC and the sample calcinated at 250 °C were nearly
100% (Fig. 10(a)), indicating zero absorption. In contrast, P-CuO,/
ethanol demonstrated good absorption coefficients over a wide
range of the spectrum. Absorption intensity increased at lower
wavelengths, while scattering effect increased at higher wavelengths.
Notably, the dispersions with samples treated at 400 and 500 °C,
which consist of pure CuO, presented the highest absorption
coefficient over the spectrum, with similar values across the spec-
trum. The 400 °C sample showed higher absorption than the 500 °C
sample below 450 nm, which is likely due to its higher surface area
of 17 m* g~ ' compared to 11 m> g~ * for 500 °C sample.
Absorption coefficient can be used to get the band gap
according to Tauc plot as described in ESI,{ Section S7.
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(a) Transmittance (% T) and transmittance plus scattering (% T + S) of pristine Cu-BTC and the synthesized P-CuO, at different Tc (HR of

coefficients.

Fig. S16 (ESI,T Section S7) presented the value of band gap
energy, where Cu-BTC exhibited a band gap of 3.98 eV, which
remained unchanged (~3.97 eV) after calcination at 250 °C.
The sample of 300 °C presented two band gap values of
1.51 and 2.11 eV that are consistent with the two phases of
CuO and Cu,O respectively. It was found that the samples of
400 and 500 °C recorded the same value of band gap at around
1.52 eV. In comparison with band gap values obtained from
REELS (Fig. 7), it was noticed that the values were quite similar
as presented in Table S3 (ESL Section S7).

4. Conclusions

This comprehensive study elucidates the transformation process
of Cu-BTC into P-CuO, through controlled calcination, examining
the effects of calcination temperature, heating rate, and duration
on the phase, morphology, porosity, and optical properties.
Through rigorous analysis using XRD, TGA, SEM, BET, and UV-
Vis-NIR spectroscopy, we have confirmed that calcination condi-
tions significantly influence the crystallite size, phase purity, and
optical characteristics of the synthesized P-CuO,. The analysis
demonstrated that Cu-BTC at lower T such as 250 °C maintained
its structure, while increasing the T¢ to 300 °C initiated a trans-
formation into mixed phases of CuO and Cu,O. Further elevation
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to 400 °C and 500 °C resulted in a complete transition to pure CuO
interestingly, specific calcination conditions led to enhanced sur-
face areas with good crystallinity, particularly the stepwise heat
treatment process, which involved gradually elevating the tem-
perature from 300 °C to 500 °C at a lower HR of 1 °C min™’,
optimize the surface area of P-CuO, achieving up to 42 m* g~
This highlights the potential for optimizing calcination processes
to control surface area and porosity without compromising
structural integrity. Additionally, the electronic structure of Cu-
BTC and P-CuO was explored through REELS and UPS analysis,
confirming p-type semiconductor characteristics for P-CuO. The
study also highlighted that P-CuO shows optical absorption
characteristics over a broader range of wavelength, with high
intensity across the visible light range, reinforcing its suitability
for solar applications. These comprehensive insights not only
advance our understanding of the dynamic transformations
within MOF-derived metal oxides but also pave the way for
developing advanced nanoporous materials tailored for specific
industrial applications.
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