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Wider Impact Statement

This review delves into the advancements of metal organic framework X-ray detectors, 

exploring their fundamental mechanisms, current performance metrics and highlighting 

the unique opportunities MOFs provide to surpass existing technologies limitations and 

create new applications. Future research endeavours in the wider scientific community 

will persist in pushing the boundaries of sensitivity, leading to improved image clarity 

and decreased radiation exposure for patients, with MOFs chemical versatility providing 

substantial promise for developing the next generation of X-ray detectors. In this review 

we first give a comprehensive overview of current state-of-the-art MOF X-ray detector 

performance in key figures of merit whilst providing insights into where improvement 

may lie. The review then expands on to the unique multi-functionality of MOFs which 

promises utility in various fields, including bioimaging, drug delivery and radioactive gas 

detection alongside classical applications in medical and security imaging. The 

advancement of economical manufacturing methods and morphological adaptability of 

MOFs will also play a crucial role in meeting the increasing demand for imaging, making 

vital healthcare and security X-ray technologies more accessible to society. 
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No primary research results, software or code have been included and no new data were 
generated or analysed as part of this review.
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Abstract

X-ray detectors and scintillators play a crucial role in society, with extensive applications in 

scientific research, security, manufacturing quality control and medical imaging including general-

Page 3 of 51 Materials Horizons

M
at

er
ia

ls
H

or
iz

on
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

6.
07

.2
02

5 
22

:0
4:

02
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D4MH01122H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4mh01122h


2

radiography, computed tomography and positron emission tomography. The demand for medical 

imaging is steadily growing among aging populations, highlighting the need for accessible and 

affordable X-ray technologies that can provide higher image quality while minimising the 

radiation dosage given to patients. Although existing commercial technologies provide adequate 

results, they come with inherent drawbacks, including slow response times, poor 

radioluminescence efficiencies, and limited tunability over a range of X-ray energies. They also 

typically rely on costly and energy-intensive production processes at elevated temperatures. Metal-

organic frameworks (MOFs) have recently attracted attention as promising materials for a new 

generation of X-ray detectors and scintillators, that can revolutionise low-dose and high-

throughput medical and security imaging and enable unique applications. In this perspective, we 

discuss the underlying mechanisms and recent progress made in MOF-based X-ray detectors and 

scintillators and examine their unique potential to outperform existing technologies. 

Wider Impact

This review delves into the advancements of metal organic framework X-ray detectors, exploring 

their fundamental mechanisms, current performance metrics and highlighting the unique 
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opportunities MOFs provide to surpass existing technologies limitations and create new 

applications. Future research endeavours in the wider scientific community will persist in pushing 

the boundaries of sensitivity, leading to improved image clarity and decreased radiation exposure 

for patients, with MOFs chemical versatility providing substantial promise for developing the next 

generation of X-ray detectors. In this perspective, we first give an overview of current state-of-

the-art MOF X-ray detector performance in key figures of merit. Further we discuss methods used 

to enhance performance in MOFs detectors and their scalability into full-imaging arrays. The 

review then expands on to the unique multi-functionality  of MOFs which promises utility in 

various fields, including bioimaging, drug delivery and radioactive gas detection alongside 

classical applications in medical and security imaging. The advancement of economical 

manufacturing methods and morphological adaptability of MOFs will also play a crucial role in 

meeting the increasing demand for imaging, making vital healthcare and security X-ray 

technologies more accessible to society. 

1. Introduction

The ability to detect X-rays has had profound importance since their discovery in 1885,[1] with 

vast applications including security, quality control, scientific research, and most significantly in 

medical imaging such as radiography, positron emission tomography (PET) and computed 

tomography (CT).[2] As radiation travels through the body, the attenuation varies depending on the 
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tissue, resulting in contrast on the detector and an image providing invaluable insights of what is 

occurring within the body. Although critical to modern healthcare, X-rays are ionising radiation 

and pose substantial health risks, with healthcare professionals having to carefully weigh the risks 

against medical need. Weighing up these decisions is becoming increasingly difficult for clinicians 

with an ever-increasing demand for routine diagnostic scans, such as CT scans which have 

increased by a staggering 50% in the UK between 2014 and 2019.[3] This increment is expected to 

accelerate due to ageing populations in many countries, and national plans for significant increases 

in routine scans for diseases such as cancer. Apart from their importance in medical imaging, 

recent applications of X-ray detection include single photon detection for research and multi-

spectra imaging. 

There are two main classes of radiation detection, named indirect and direct detection, which vary 

in their method of electrical signal production. Indirect detection proceeds by using a scintillator 

to down-convert incident X-ray photons to UV-VIS photons, whereas direct detection directly 

converts X-ray photons into current. Indirect detection is currently the more common commercial 

technique owing to complications in limiting dark current. However, current state-of-the-art 

scintillators such as CsI:Tl, NaI:Tl, Bi4Ge3O12 (BGO), (Lu,Y)2SiO5 (LYSO) and Gd2O2S:Tb 

(GOS:Tb) have been commercially successful due to their acceptable light-yields, densities, and 

decay times. However, these materials have inherent limitations which hinder expansion and 

development to new uses. For instance, both CsI:Tl and GOS:Tb have a fixed band gap energy 

(photon emission energy) that cannot be tuned, and to achieve adequate X-ray absorption, they 

require a large material thickness (5 mm for CsI:Tl), which necessitates expensive high-energy 

and high-temperature fabrication methods and often complex microstructures are required for 

wave guiding to improve image resolution.[4,5,6] Current direct detectors also have inherent 

limitations. HgI2 and PbI2 detectors have large leakage currents; Si and a-Se due to their low atomic 

number (Z) have low X-ray stopping power, and CdZnTe (CZT), alongside complex energy 

intensive synthesis requirements, usually has non-uniform charge transport and large noise levels 

due to charge trapping.[7,8] Therefore, there is a significant need for the development of new 

materials for radiation detection.

Metal-organic frameworks (MOFs) are one set of materials which have recently gained research 

attention as promising materials for a new generation of X-ray scintillators and direct detectors. 
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MOFs are a class of materials defined by IUPAC as a coordination polymer (or network) with an 

open framework containing potential voids.[9] MOFs coordination network is formed by metals or 

metals clusters connected via organic linkers. Due to the possible combinations of metals and 

linkers, there are near infinite theoretical possibilities for MOF designs. Currently, there are over 

100 000 synthesised MOFs in the Cambridge Structural Database (CSD), demonstrating the vast 

versatility and tunability of MOFs towards tailored X-ray applications.[10,11,12] Alongside their 

tunability, MOFs properties such as high porosity, thermal and radiation stabilities, allowing post-

synthetic modification and the encapsulation of guest molecules, have led to significant research 

interest. More recently, attention has been given to conductive MOFs with applications found in 

electrocatalysis, energy storage and field-effect transistors (FETs), among others.[13,14] MOFs, as 

a new category of conductive materials, possess properties which situate them perfectly in between 

conventional organic and inorganic semiconductors. Due to their inherent crystallinity, MOFs may 

be less affected by disorder than amorphous organic polymers giving improved performance. 

Furthermore, they possess greater chemical versatility than inorganic semiconductors. In this 

perspective, we will look at the underlying mechanisms behind X-ray detection in MOFs, 

considering the material properties required for efficient, highly sensitive, low-noise X-ray 

detectors. We will consider the current state-of-the-art MOF X-ray detectors, whilst giving 

perspective on optimised material choices for future MOF X-ray detectors, opening avenues to 

next-generation detectors and new applications.

2. Mechanisms of X-Ray Detection

There are two distinct mechanisms employed for ionising radiation detection, termed indirect and 

direct detection. The two are differentiated by their mechanism for electrical signal generation 

(Figure 1).
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Figure 1: Free charges are generated by the interaction of the X-ray with the MOF. For indirect 

detection (scintillation), the incident X-rays are down-converted to photons which are collected 

by a photodetector. For direct detection, the incident X-rays are directly converted into current 

which are collected at the electrodes.

2.1 Indirect detection

In an indirect detector, the active material, known as a scintillator, down-converts incident X-ray 

photons into UV-vis photons. The X-ray generated photoemission, known as radioluminescence 

(RL), is collected by a photodetector, commonly a photomultiplier tube (PMT) or a-Se photodiode 

array, to generate an electrical output. Although the exact mechanisms of RL are material-

dependent, the mechanism can be generalised into three phases: (i) conversion, (ii) transport, and 

(iii) radioluminescence.[15] During the conversion phase, incident photons interact with the 

material lattice, generating electron and hole pairs. The dominating mechanism of interactions 

between incident photons and the material lattice is highly dependent on the photon energy. Below 

energies of 100 keV which are typical of most medical imaging, the photoelectric effect is the 

dominant mechanism.[16] Compton scattering and pair production are also important mechanisms 

for electron-hole generation at energies below and above 1 MeV respectively.[17] Secondary 

electrons are then thermalised by electron-electron scattering and Auger processes, leading to the 

creation of numerous charge carriers. In the transport phase, the large number of electron-hole 
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pairs generated in the conversion phase migrate through the material lattice to the luminescence 

centre. 

The transport phase offers the most substantial chance of light yield losses due to non-radiative 

recombination of charge carriers via trapping at defects, such as ionic vacancies and grain 

boundaries. Non-radiative recombination must be sufficiently inhibited by optimising crystal 

growth and morphology.  In the final radioluminescence phase, charge carriers are trapped at 

luminescence centres leading to radiative recombination and emission of photons in the UV-Vis 

region.[2, 15]

2.2 Direct detection

In direct detection, the conversion phase of detection is comparable to that of indirect detection, 

where X-ray photons interact with a semiconducting material generating high-energy electrons via 

the photoelectric effect, Compton scattering or pair production, which resultantly deposit their 

excess energy into the surroundings creating numerous electron-hole pairs. When an electric field 

is applied, the electrons and holes migrate through the lattice, which are then collected at electrodes 

to produce an electrical current. This process represents the current mode of operation.[8,18] 

Direct ionising radiation detectors have three distinct modes of operation: current mode, pulse 

mode and mean-square-voltage mode (MSV). The operation mode chosen depends on the specific 

application and requirements. Current mode is used for high pulse rate applications such as medical 

imaging and dosimetry.[19] It is required where the time between adjacent radiation events becomes 

too short to measure each individual quantum of radiation that interacts in the detector, or the 

current pulses from multiple radiation events overlap. Current mode simplifies these 

measurements by recording an average current of multiple radiation interactions which depends 

on the product of the interaction rate and charge per interaction.[20] MSV mode operates similarly 

to current mode. In MSV mode, additional computing elements are added to the readout 

electronics, resulting in the signal being directly proportional to the event rate and the square of 

the charge produced in each radiation event.[21]  The use of MSV mode is limited to specialized 

applications such as neutron detection due to its unique characteristic to differentiate between 

mixed radiation types. This is because with signal being proportional to the square of the charge 

Page 9 of 51 Materials Horizons

M
at

er
ia

ls
H

or
iz

on
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

6.
07

.2
02

5 
22

:0
4:

02
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D4MH01122H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4mh01122h


8

per event, the signal output will therefore shift the detector response in favour of the type of 

radiation, giving the largest average charge per radiation event. Pulse mode is used for applications 

requiring the properties of individual quanta of radiation. The instrumentation used in pulse mode 

detectors generates an electrical signal for each individual radiation quantum interacting with the 

detector material. Pulse mode is unique in its ability to preserve information on the amplitude and 

timing of individual radiation events making it especially useful for radiation spectroscopy 

applications. The rate at which radiation events occur is given by the rate at which each electrical 

signal occurs. Furthermore, the amount of charge generated due to each individual radiation event 

is reflected by the amplitude of each signal. Pulse mode has several advantages over current and 

MSV modes such as significantly greater sensitivity, lower limits of detection (LODs), as well as 

the ability to harness information from each pulse amplitude.[22] 

3. Material Properties of X-Ray Detector

The X-ray detection capability of a material for both scintillators and direct detectors is 

significantly determined by its ability to absorb incident X-ray photons. The X-ray attenuation of 

a given material can be described by its linear and mass attenuation coefficients. 

The linear attenuation coefficient (µ) is a material-dependent constant, which describes the fraction 

of attenuated incident photons from a monoenergetic beam per unit thickness of a material. It is 

the total probability of a material absorbing or scattering X-ray or gamma rays, taking into 

consideration the sum of interactions of the photoelectric effect, Compton scattering, and pair 

production per unit thickness of a material. The linear attenuation coefficient is dependent on the 

atomic number and density of the absorbing material and can be calculated using Equation 1, 

where 𝐼 is the photon intensity over distance 𝑥, 𝐼0 is the initial photon intensity, and 𝜇 is the linear 

attenuation coefficient. The linear attenuation coefficient increases with increasing probability of 

photoelectric absorption 𝑃, which is shown in Equation 2. This shows the linear attenuation 

coefficient increases with atomic number (Z) and density (𝜌),whilst decreases with increasing 

photon energy (E). Therefore, it is preferential to use materials which contain high Z elements and 

high density, resulting in greater absorption of X-rays. 

                                                                     𝐼 = 𝐼0𝑒―𝜇𝑥                                                                 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1                                                           
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                                                                    𝑃 ~ 𝜌(𝑍/𝐸)3                                                              𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2         

MOFs tend to have lower attenuation coefficients than commercial alternatives such as CsI:Tl and 

α-Se, which have values of 2.1 cm-2g-1 and ~0.537 cm-2g-1 respectively at 100 keV, as calculated 

using the XCOM database.[23] This is due to low Z elements typically in organic linkers. However, 

by designing MOFs which contain high Z metal centres such as hafnium, lead or bismuth, 

respectable stopping powers can be achieved. Currently, in the CSD database over 70 000 MOFs 

exist with a metal centre with Z number greater than 50, demonstrating their vast design 

opportunities.[24] For example, the scintillating MOF, SMOF-4  has a calculated theoretical linear 

attenuation coefficient of 9.27 cm-1 at 100 keV, exceeding that of many commercial detectors (Fig. 

2a).[25] 

The mass attenuation coefficient is another good way to compare materials independent of density 

and crystal phase. The mass attenuation coefficient is a normalisation of the linear attenuation, 

where the linear attenuation coefficient is divided by the density of the absorber material (µ/ρ), 

providing a comparative metric used to assess different materials' potential for ionising radiation 

absorption. The Beer-Lambert law can be adjusted to accommodate the mass attenuation 

coefficient, as shown in Equation 3.[26] However, in practice, the density of a material has a 

significant impact on the linear attenuation coefficients, motivating the use of single crystal and 

monolithic systems instead of powders.

                                                                    𝐼 = 𝐼0𝑒 ―𝜇
𝜌

𝜌𝑥                                                              𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3        

In this regard, MOF powder densities are typically lower than densities achieved by commercial 

standards of CsI:Tl and α-Se with densities of 4.51 g cm-3 and 4.819 g cm-3 respectively. Despite 

this, over 23 000 MOFs exist with a density greater than 2.0 g cm-3 in the CSD. Numerous MOFs 

have been demonstrated as X-ray detectors, with achievable attenuation lengths for all medical 

radiation energies, due to their ease of processability (Fig. 2b). Further, MOFs are typically 

synthesised in powder morphologies, with packing densities that are significantly lower than their 

theoretical crystal density, hindering the competitiveness of MOFs against state-of-the-art 

materials such as BGO, which has a density of 7.13 g cm-3. For this reason, a very promising route 

for increasing the density of MOFs without requiring energy and time intensive single crystal 
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synthesis is the development of monolithic systems, which could greatly advance current X-ray 

detection performance.[27–29] This broad chemical and synthetic versatility gives high potential for 

the functional design of adaptable, solution-processable and easily scalable detector systems with 

intrinsically high attenuation efficiencies.

To be commercially viable, detector materials have to maintain consistent performance under 

continuous operation, with current average lifespans of CT detectors expected to be between 7 to 

10 years in the UK. Current CsI:Tl flat panel detectors are warranted up to a dosage of 8,730 Gy 

using <100 keV X-rays, demonstrating the level of stability required. Although the exact energy 

requirements will change depending on the application, MOFs must have excellent radiation 

hardness and high stability to hold commercial viability. Although results on the radiation hardness 

of MOF detectors as X-ray detectors is limited, preliminary results indicate they can be highly 

tolerant to ionising radiation. For example, Al Lafi et al. report the FTIR analysis of the MOF 

MIL-101(Cr), with minimal chemical changes seen under 30 kGy of gamma irradiation.[30] 
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a)

b) c)

Figure 2: Comparison of MOF X-ray detection attenuation properties. a) Synthetic versatility and 

potential of high-throughput database screening of MOFs for X-ray detection demonstrated using 

the Cambridge Structural database (non-disordered MOF subset). The plot shows the atomic 

number, density and accessible surface area of MOFs, with an area highlighted for possible high 

attenuation MOFs.  b) Linear attenuation coefficients of MOFs used for X-ray detection and 

commercial materials from 10 to 500 keV. c) Comparison of density and attenuation length required 

for 100% attenuation at 100 keV of MOFs used in X-ray detection and commercial materials.
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Unprecedented radiation resistance of a thorium-binaphthol MOF (TOF-16) under γ-rays and 5 

MeV He2+ions were further demonstrated by Gilson et. al. Using X-ray diffraction data, TOF-16 

showed no bulk structural damage up to a total dose rate of 4 MGy of γ-rays and early onset of 

crystallinity loss at 15MGy using He2+ions irradiations.[31] Impressive levels of radiation stability 

have also been demonstrated in the quintessential MOFs, ZIF-8, UiO-66 and HKUST-1, displaying 

the excellent potential for MOFs in radiation detection applications.[32,33] Although MOFs have 

demonstrated outstanding structural radiation hardness, more data is required on their performance 

stability under radiation. 

Only two scintillating MOFs made from M6(µ3-O)4(µ3-OH)4(carboxylate)12 secondary building 

units (where M is Hf or Zr) and anthracene-based dicarboxylate bridging ligands have been tested 

for long term performance under ionising radiation. These two MOFs showed no substantial 

decrease in X-ray stimulated luminescence after a cumulative dose of up to 300 Gy, the equivalent 

dose of approximately 1.5 million chest X-rays.[34,3] Although these results suggest that MOFs 

demonstrate no significant material degradation, more extensive research on their tolerance to X-

rays and γ-rays is required to validate the performance of each detector comprehensively.

4. MOF Scintillators 

MOFs have demonstrated promise as scintillating materials to detect ionising radiation, including 

neutrons, protons, X-rays and γ-rays. Scintillation, also known as radioluminescence, refers to the 

emission of radiation upon the absorption of ionising radiation.  Existing scintillators frequently 

use bulk and nanostructured inorganic crystals, polymers, and organic chromophores, with limited 

control over their quantum efficiency and scintillator response times.  In contrast, using fluorescent 

MOFs as scintillators allows the flexible tuning of properties, for example, via the choice of 

coordinating organic ligands that link the metal clusters.[35]

There are three key material focussed figures-of-merit for efficient scintillators: (1) efficient light 

yield, (2) fast response times, and (3) sensitivity to low dose rates. 

 

(1) Efficient light yield. Light yield can be quantified in two ways. The absolute light yield refers 

to the ratio of total energy of scintillation photons to the energy deposited by ionising radiation in 
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the scintillator, while technical light yield refers to the total energy of scintillation photons which 

manage to pass through the window of the detector, to the energy deposited by ionising radiation 

in the scintillator.  

In general, scintillation can originate from ligands (anthracene, naphthalene, stilbene, etc.) and 

from metal centres (such as lanthanides) in MOFs. Various reports in literature have employed a 

range of strategies to increase the light yield and obtain efficient scintillation performance. 

(i)  Scintillations originating from ligands (anthracene, naphthalene, stilbene) 

Common classes of organic crystal scintillators include anthracene, naphthalene, and stilbene. 

Other examples include p-terphenyl, salicylamide, triphenyl benzene, tetraphenyl butadiene, and 

9-phenylcarbazole.[36] For organic crystal scintillators, the scintillation mechanism is due to 

electron transitions in the π-molecular orbitals. Specifically, the absorption of radiation leads to π-

electron ionization. Singlet and triplet states are filled when ions recombine. Non-radiative decay 

occurs to the first excited state S1, followed by radiative decay to lower electronic levels. [37] 

Anthracene crystals has shown the highest light yield among organic scintillators.[22] Ligand-based 

scintillating MOFs have been developed recently, and the variation of coordinating organic ligands 

presents a way to tune the scintillating properties. An example of anthracene-based scintillating 

MOFs is reported in [1]. Despite fast luminescent times, the propensity of anthracene to dimerise 

upon exposure to ionising radiation hinders its scintillation efficiency.  Mathis et al. proposes a 

strategy of isolating anthracene in dense 3D MOF structures with little or no voids, to overcome 

this issue and minimise the non-radiative pathways, while ensuring structural stability and rigidity. 

9,10-anthracenedicarboxylate (ADC) was chosen as the linker.[38]  Lanthanide metal ions was 

chosen as they favour high and variable coordination number, and can also enhance the x-ray 

attenuation efficiency due to their heavy metal nature.[39] The authors investigated the following 

two compositions of 3D networks crystalized in the triclinic system with P-1 space group: (i) 

{{[Ln2(ADC)3(DMF)4·DMF]}n, Ln = Eu and Tb} and (ii) 

{{[Ln2(ADC)3(DMF)2(OH2)2·2DMF·H2O]}n, Ln = Er and Tm}. Ligand-based proton ion beam-

induced luminescence was demonstrated with minimal self-absorption.[22] Prior to their work, 5,5’ 
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–(anthracene-9,10-diyl)diisophthalate of Zn-PCN-14 is the only anthracene-based MOF with 

reported scintillation behaviour.

 Instead of using anthracene ligands, Lu et al. demonstrated lead(II)-based scintillating MOFs with 

naphthalene ligands.[25] Since Pb has a higher atomic number than Hf and Zr, heavy metal lead(II) 

centres are chosen as effective X-ray absorbers. The ejected photoelectrons undergo inelastic 

scattering within the framework and secondary chain reactions, followed by energy transfer to the 

luminescent rigid naphthalene dicarboxylate.  

(ii) Scintillations originating from metal centers (such as lanthanides) 

Scintillations can also originate from metal centers. Wang et al. reports highly efficient X-ray to 

green light luminescence visible by naked eye, using uranium as a metal center.[40] Uranium is 

chosen due to its high atomic number (the heaviest naturally occurring element) and high oxidation 

number, giving it an X-ray attenuation efficiency better than other common heavy elements like 

tungsten, thallium, bismuth, and lead (Fig. 3a). Apart from an intense Laporte-permitted intrinsic 

uranyl emission from the lowest excited state to the ground state induced by X-ray irradiation, the 

compound also demonstrates high radiation hardness (up to 200 kGy of 60Co gamma source) and 

hygroscopic hardness. A comparison of radioluminescence under various doses, against 

commercially-available CsI:Tl, is depicted in Fig. 3b.  
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Figure 3: (a) Comparison of X-ray attenuation efficiency (inversely related to the attenuation 

length) for several heavy elements. (b) Comparison of X-ray luminescence between the 

developed uranyl crystal (SCU-9) and a commercially available scintillator (CsI:TI). 

Reproduced with permission from [40]. (c) Schematic of scintillation process, which starts off 

with free charges created from the interaction of ionising radiation with the composite 

scintillator. Inset: An image of the composite scintillator, fabricated by embedding MOF 

nanocrystals in a polymer matrix, under X-ray irradiation. (d) Steady-state radioluminescence 

spectra of MOF crystals versus DPA. (e) Pulse rise time, at 480 nm, under pulsed X-ray 

excitation, where the data points (green dots) are fitted with a bi-exponential decay function (red 

lines). Reproduced with permission from [41]. 

Recently, an exceptional photoluminescence quantum efficiency of 92.68% was reported for a 

lanthanide MOF, (Hphen)[(UO2)2Eu(BETC)2] (Hphen = protonated 1,10-phenanthroline, BTEC 

= 1,2,4,5-benzenetetracarboxylic acid), in a heterobimetallic uranyl-europium organic framework. 

This was achieved using a uranyl sensitization approach, with near unity energy transfer efficiency 

from UO2
2+ to Eu3+. Coupled with a low detection limit of 1.243 μGyair/s, this showcases its 

promise as a scintillator. [42]
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In a separate work, a cluster-based antenna sensitization strategy was devised to obtain a series of 

lanthanide(III)-Cu4I4 heterometallic organic frameworks-based X-ray scintillators. Here, the Cu4I4 

clusters absorb the X-ray energy, and eventually sensitize Ln3+ ions via metal-to-ligand charge 

transfer combined with halide-to-ligand charge transfer, followed by excitation energy transfer. 

The scintillators demonstrated several desirable properties: high resistance to humidity and 

radiation, excellent linear response to X-ray dose rate, high X-ray relative light yield of 29 379 ± 

3000 photons MeV−1, and low detection limit of 45.2 nGyair s−1. The Tb-Cu4I4 scintillator film also 

exhibited a high spatial resolution of 12.6 lp mm−1. [43]

(2) Fast response times. Fast scintillators with a response time of tens of picoseconds are 

necessary for high-resolution medical imaging with a spatial resolution of a few millimetres, for 

example, in positron emission tomography (TOF-PET). Perego et al. demonstrated ultrafast 

scintillation rise time of ~50 ps by embedding MOF nanocrystals, comprising zirconium oxo-

hydroxy clusters, in a polymer matrix (PMMA and PDMS).[41] Scintillating dicarboxy-9,10-

diphenylanthracene (DPA) is used as the ligand due to its high fluorescence quantum yield and the 

avoidance of re-absorption. Zirconium offers the advantages of chemical and thermal 

stability.  The response time is an improvement as compared to ~200-300 ps in commercial devices 

based on the coincidence time resolution method.

  

The scintillation mechanism is illustrated in Fig. 3c. Free charges, created when ionising radiation 

interacts with heavy elements in the composite, recombines and acts to sensitise the creation of 

singlet molecular excitons on the nearby-anchored ligands, which undergo radiative recombination 

and fluoresce. The radioluminescence spectrum of the MOF nanocrystals, versus pure DPA, under 

continuous X-ray irradiation is shown in Fig. 3d. The decay and rise times under pulsed X-ray 

excitation are 4.1 ns and 45 ps respectively (Fig. 3e). This leads to an excellent coincidence time 

resolution as low as 85 ps, which can compete with other traditional and nanostructured materials. 

In addition, excellent radiation hardness up to 5.5 kGy exposure dose and high scintillation 

efficiency are demonstrated. This example illustrates the promise of MOFs for advanced medical-

imaging technologies.  
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(3) Sensitivity to low dose rates. The detectable dose rate is quantified in nGyair. The development 

of highly sensitive scintillators, which can improve image resolution while lowering patient 

dosage, is required for new medical imaging techniques, including single-photon computed 

tomography (SPCT), computed tomography (CT) and positron emission tomography (PET). 

Traditionally, scintillators made from lanthanides or heavy atoms face numerous challenges in this 

regard, necessitating new scintillation candidates. While semiconductors like halide perovskites 

can achieve comparable imaging performance with commercially available detectors, their 

detection limits are still widely varied.[44,45,46] Additionally, perovskite materials typically have 

poor ambient stability and are prepared under inert conditions, with difficulty scaling up.[47, 48]  

Gao et al. demonstrated Ln(III)-based MOFs with X-ray dosage rate detection limits up to 2.032 

μGyair/s for 2D [Eu2(1,4-ndc)3(DMF)4]n·nH2O and 3.349 μGyair/s for 3D [Eu4(2,6-ndc)6(μ2–

H2O)2(H2O)4]n·2nH2O compounds,  superior to the standard for medical X-ray diagnosis dosage 

rate of 5.50 μGyair/s.[49] The absorbed energy from the excited triplet states of the organic ligand 

molecules can be transferred efficiently to the resonance emission levels of Eu(III) ions. This 

report demonstrates the prospects of scintillating MOFs for sensitive X-ray detection and high-

resolution radiative imaging.  

In another example, a highly efficient Forster energy transfer strategy of nearly 100% is employed 

between a luminescent MOF and a thermally activated delayed-fluorescence organic emitter, 

giving rise to a high-performance X-ray imaging scintillator.[50] Organic scintillators generally 

possess good stability and relative ease of processability; however, they are less effective for more 

energetic X-rays due to their limited effective atomic number, and they exhibit relatively weak 

luminescence. This poses a bottleneck for their detection sensitivity and imaging resolution. Wang 

et al. successfully overcomes this challenge via the energy transfer strategy, as well as by 

employing TADF chromophores as luminescent centers to directly harness both singlet and triplet 

excitons upon X-ray irradiation.[50] The efficient energy transfer arises from the ultra-short distance 

and strong spectral overlap between the Zr-fcu-BADC-MOF nanoparticles and the TADF 

chromophore. The fabricated X-ray imaging scintillator achieved a low detection limit of 256 

nGy/s, and an imaging resolution of a few hundred micrometers. The detection limit is over 20 
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times lower than that required for typical medical examinations, showcasing the potential for X-

ray radiography. The radioluminescence mechanism is illustrated in Fig. 4a. 

Figure 4: (a) Illustration of the radioluminescence mechanism, with highly efficient energy 

transfer from the Zr-fcu-BADC-MOF to the TADF chromophore, under ultraviolet-light 

irradiation. The acronyms are: ET (energy transfer); ISC (intersystem crossing); rISC (reverse 

intersystem crossing). Reproduced with permission from [50]. (b) The developed Pb-MOF 

scintillating film, applied in a simple X-ray imaging system, on a commercial lighter (left), bullfrog 

claw (middle), and line pairs card (right), under 50 kV X-ray irradiation. The spatial resolution 

achieved was 5.5 lp mm-1. This value is superior to 1.1 lp/mm obtained using another composite 

film of organic anthracene scintillator. Reproduced with permission from [51]. (c) Experimental 

radioluminescence spectrum of nanocomposites with hetero-ligand Zr-DPT:DPA-8% (red) and 

homo-ligand Zr-DPA nanocrystals (blue), with PDMS as the host polymer matrix. The simulated 

radioluminescence spectrum is also shown (green). (d) 2D map of composite scintillation 

emission. Inset: Scintillation pulse with average decay time of 10.4 ns. Reproduced with 

permission from [52].
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Another advantage of scintillating MOFs is their lower preparation costs as compared to traditional 

inorganic and organic scintillators, and the potential for desired mechanical properties to be 

incorporated during the synthesis process, to realise compact and flexible detectors for 

commercialisation. Inorganic bulk scintillators, including NaI:Tl, CsI:Tl, PbWO4 (PWO) and 

Bi4Ge3O12 (BGO), typically require prolonged growth processes under demanding conditions, 

such as the Czochralski and Bridgman-Stockbarger methods.[53,54,55] They may have also poor 

hygroscopic resistance, therefore requiring costly and bulky assembly. In [51], a scintillating 1D 

MOF was prepared by a low-cost and short-cycle solvothermal process. The 6.0 × 6.0 cm2 

scintillator film achieves a moderate high spatial resolution of 5.5 lp mm− 1 (distinguishable line 

pairs per millimetre), strong radiation stability with no light quenching despite continuous 

exposure to X-ray dose rate of 12.40 mGy/s for 9 h per day for five days, good humidity resistance 

and thermal stability. The line pairs are considered to be distinguishable when the modulation 

transfer function exceeds 0.2. The scintillator film is also mechanically flexible, and can be used 

for non-planar X-ray imaging, or integrated into a flexible matrix or portable and wearable device. 

Additionally, under X-ray exposure, bright green emission visible to the naked eyes is observed, 

with a rapid decay time of 2.9 ns, and a PLQE of 19.4%. Photographs of the flexible Pb-MOF film 

is shown in Fig. 4b. Another example of a 1D X-ray responsive Pb(II)-based scintillating 

coordination polymer prepared via low-temperature solvothermal method is shown by Xi et al. [53] 

In a separate work, Peng et al. constructed a copper iodide cluster-based MOF scintillator. A rod-

like microcrystal was prepared by adding polyvinyl pyrrolidone during the in situ synthesis 

process, which improves the radioluminescence efficiency and processability. A scintillator screen 

made from the microcrystal demonstrates excellent flexibility and chemical stability, and is able 

to dynamically image the internal structure of flexible materials in extremely humid environments 

and with a high resolution of 20 lp mm−1.[56] All these advantages show the potential of scintillating 

MOFs as promising candidates for practical X-ray imaging, and the additional benefits they bring 

compared to traditional scintillators.  

Several methods can be adopted to further enhance the performance of MOF-based scintillators. 

MOFs represent a versatile platform with a range of parameters that can be tailored to improve the 

efficiency and speed in the detection of radiation (comparable to commercial organic and plastic 

scintillators), while maintaining chemical and thermal stability, as well as radiation hardness. 
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Other desirable properties include a large X-ray attenuation efficiency, and hygroscopic hardness. 

The chemical composition of the metal clusters and coordinating organic linker molecules, the 

interchromophore coupling, and the crystalline framework and porous structures, can all be 

engineered to fit specific applications. For example, Feng et al. investigates a series of scintillating 

MOFs comprised of the linker groups 4,4’-biphenyldicarboxylic acid (H2BPDC) and 2,6-

naphthalenedicarboxylic acid (H2NDC), and incorporates the electron donor N,N-diethylaniline 

(DEA) as an extrinsic dopant within the MOF pores to modify the luminescence characteristics.[57] 

Two classes of MOF families are explored by the authors: ‘isoreticular’ MOF with identical cubic 

framework topologies, and Materials of Institut Lavoisier (MIL). 

To enhance the interaction with ionizing radiation, higher density elements, such as hafnium, could 

be used.[58] High-atomic-number elements interact better with ionizing radiation. The outer-shell 

electrons of the heavy metal ions are ejected as fast photoelectrons, which first undergo inelastic 

scattering in the framework, before sensitising the ligand luminescence. Composition engineering 

can also be considered, with various compounds interacting selectively with different types of 

radiation. In [34], Hf- and Zr-based MOFs are constructed with anthracene-based dicarboxylate 

bridging ligands. The attenuation coefficient ranges for Hf from ∼110 to 18 cm2/g and for Zr ∼ 23 

to 16 cm2/g in the 15−30 keV range. The synergistic effect of the high Z metal clusters and emissive 

bridging ligands lead to highly efficient radioluminescence. In another work, a Zr-based MOF 

nanoflower material Zr6(μ3-O)4(μ3-OH)4(OH)6(TCA)2(H2O)6 (H3TCA = tri-carboxylic acids 

4,4′,4″-nitrilotribenzoic acid) was synthesised, Intensity-tunable radioluminescence can be 

achieved by accommodating different guest molecules like xylene and RhB in the same MOF 

material.[59]

To enhance the scintillation quantum yield, multi-emitter MOF nanocrystals can be used, with 

minimal self-absorption. For example, Perego et al. obtained high efficiency luminescence of 60% 

with significant Stokes shift up to 750 meV in crystalline hetero-ligand MOF nanocrystals.[52]  The 

strategy adopted was to co-assemble tetracene-bearing fluorescent moieties with anthracene-based 

linkers, by zirconium oxy-hydroxy clusters, to tailor the emission properties. The 

radioluminescence spectrum, with PDMS as the host polymer matrix, under X-ray irradiation is 
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shown in Fig. 4c. A 2D map of the composite scintillation emission under pulsed X-ray exposure 

is also depicted in Fig. 4d, with a decay time of 10.4 ns.   

Table 1 summarizes the performance of some reported MOF-based X-ray scintillators. For 

additional discussion on the figures of merits of X-ray scintillators, we refer the reader to [60] .

Page 23 of 51 Materials Horizons

M
at

er
ia

ls
H

or
iz

on
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

6.
07

.2
02

5 
22

:0
4:

02
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D4MH01122H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4mh01122h


22

Table 1.  Performance comparison of some MOF-based X-ray scintillators.

Material Crystal 
System 
(Space 
Group)

Density (g 
cm-3)

PL 
Wavel
ength
(nm)

PL Decay 
Time (ns)

RL 
Wavelength 

(nm)

Limit of 
Detection 
(μGyair s-1)

Radiation and 
Operational 

Stability

Other 
Info

Refs.

[Pb(1,4-ndc) (DMF)]n
Orthorhombic 

(P212121)
2.193 494 1.61 512, 550, 600 - - -

[Pb(1,4-ndc)(DMA)]n
Orthorhombic 

(P212121)
2.187 451 13.45 512, 550, 600 - - -

[Pb2(2,6-
ndc)2(H2O)]n·nDMF Triclinic (P1) 2.380 390 3.98

398, 508, 509, 
545 - - -

[Pb4(2,6-ndc)3Cl2]n
Monoclinic 

(P21/c)
3.154

434, 536,  
578, 633

32.95- 47.15 μs 539, 576 - - -

[25]

Hf6(μ3-O)4(μ3-
OH)4(carboxylate)12

- - 470 6.19 480 - -
Zr6(μ3-O)4(μ3-

OH)4(carboxylate)12
- - 470 5.96 480 -

Up to 300 Gy 
cumulative dose -

[34]

{{[Eu2(ADC)3(DMF)4·
DMF]}n

Triclinic (P-1) 1.645 440
(overlap with 

IRF)
440, 460 - - -

{{[Tb2(ADC)3(DMF)4·
DMF]}n

Triclinic (P-1) 1.681 435 0.3 445 - - -
{{[Er2(ADC)3(DMF)2(
OH2)2·2DMF·H2O]}n

Triclinic (P-1) 1.697 430
(overlap with 

IRF)
475 - - -

{{[Tm2(ADC)3(DMF)2

(OH2)2·2DMF·H2O]}n
Triclinic (P-1) 1.703 430

(overlap with 
IRF)

- - - -

[38]

UO2(HL)(H2O)
Monoclinic 

(I2/a)
2.88

490, 512, 
536, 562 - 490, 512, 536, 

562 - Up to 200 kGy dose - [40]

Zr-DPA:PMMA
Cubic (Fm-

3m) - 450-485 4.0-5.3 485 - SRT: 295 ps, 
SDT: 2.9 ns

Zr-DPA:PDMS
Cubic (Fm-

3m) - 464-485 3.7-4.4 485 -
Up to 5.5 kGy dose CTR: 85 ps, 

SRT: 275 ps, 
SDT: 2.8 ns

[41]

[Eu2(1,4-
ndc)3(DMF)4]n·nH2O

Triclinic (P-1) - 614, 618 - 592, 617, 695 2.032 -
[Eu4(2,6-ndc)6(μ2–

H2O)2(H2O)4]n·2nH2O
Monoclinic 

(P21/n) - 611, 616 - 591, 615, 701 3.349
Up to 30 Gy dose

-
[49]

Zr-fcu-BADC-MOF - - 600 - 575 0.256 Up to 0.70 Gy dose - [50]
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[Pb(adda)(DMF)
]n

Monoclinic 
(P21/c) - 512 2.9 512 - Up to 230˚C, 151 Gy 

dose - [51]

Hetero-ligand Zr-
DPT:DPA-8% 

composite in PDMS 
matrix

Cubic (Fm-
3m) - 540 10.9 430, 540 - Up to 50 °C, ~100 Gy 

dose

Scintillation 
yield: 5000 
ph MeV−1, 

SRT: 190 ps, 
SDT: 10.4 

ns

[52]

IRMOF-10 - - 400 5.4, 15.0 400 - -

Zn4O metal 
cluster nodes 
and BPDC2- 

linker 
groups

IRMOF-8 - - 400 4.7, 16.9 476 - -

Zn4O metal 
cluster nodes 
and NDC2- 

linker 
groups

- - 381 - - - - Open 
complex

Linear chains of 
Al(OH) metal clusters 
connected into a 3D 

framework by NDC2- 
linkers 

- - 471 - 479 - - Closed 
complex

IRMOF-8 with N,N-
diethylaniline trapped 

within the pores
- - 559 - 400, 475, 545 - -

Zn4O metal 
cluster nodes 
and NDC2- 

linker 
groups

[57]

Hf- dicarboxy-9,10-
diphenylanthracene - 0.6-0.7 490 2.4 500 -

Outperform commercial 
scintillator EJ-276 with 
linear response to 85Kr 

below 1 kBq m−3

SRT: Sub-
ns, SDT:3 ns [61]

Tb-Cu4I4
Tetragonal (I

42d)
2.211 547 1525 µs 547 0.045 -

Relative 
light yield: 
29379 ph 
MeV−1 

[43]

(Hphen)[(UO2)2Eu(BT
EC)2] 

Monoclinic 
(P21/c)

2.743 613 - 613 1.243
Retains 92% intensity 

after 53 Gy dose PLQY 
92.68% [42]
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Retains 80% intensity 
after 95% relative 

humidity for 2 hours
H2ADC: 9,10-anthracenediarboxylicacid; DMF: N, N-dimethylformamide; DPA: 9,10-diphenylanthracene; PDMS: 
polydimethylsiloxane; PMMA: polymethyl methacrylate; H2BPDC: 4, 4’ -trans-diphenyldicarboxylic acid; H2NDC: 2,6-
naphthalenedicarboxylicacid; IRMOF: isoreticular MOF; MIL: Materials of Institut Lavoisier; 1,4-H2ndc = 1,4-naphthalene 
dicarboxylate; 2,6-H2ndc = 2,6-naphthalene dicarboxylate; DMA = N,N-dimethylacetamide; H3L: trimesic acid; DPT: 5,12-diphenyl-
tetracenedicarboxylate; H2adda = (2E,2′E)-3,3′ -(anthracene-9,10-diyl) diacrylic acid; Hphen: protonated 1,10-phenanthroline; BTEC: 
1,2,4,5-benzenetetracarboxylic acid; SRT: Scintillation rise time; SDT: Scintillation decay time; IRF: Instrument response function; 
CTR: Coincidence time resolution
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5. MOF Direct Radiation Detectors

The majority of medical radiation detectors available today still use scintillators as their method 

of conversion, due to limitations such as high dark currents in current commercial direct detectors 

hindering their expansion into medical imaging. For example, HgI2 and PbI2 detectors have large 

leakage currents; Si and a-Se devices due to their low atomic number (Z) have low X-ray stopping 

power and CZT-based systems usually have non uniform charge transport and large noise levels 

due to charge trapping.[7,8]. However, compared to scintillators, direct radiation detectors, which 

use a semiconductive material to directly convert ionizing radiation into charge carriers which are 

ultimately collected under bias, pose several advantages, such as improved responsivity, and 

higher spatial and energy resolution.[62] Further, some direct detector systems including CZT have 

shown promise for photon counting direct detection, processing X-ray signals from each 

individually-deposited photon separately, leading to spectral X-ray detectors.[63]  Various other 

materials have been reported as promising direct radiation detectors through the last decades, 

including amorphous Se, crystalline Si, as well as halide perovskites which have recently gathered 

significant research attention.[60,62,64,65] These materials still face significant limitations, for 

example a-Se and Si both possess low radiation attenuation efficiencies, particularly at high 

energies, limiting their use to applications requiring X-ray energies below 40 keV.[22,66] Further, 

halide perovskites are still hindered by large current drifts requiring long stabilisation (turn on) 

times, and inherent instabilities in ambient air. Although the research area of semiconductive 

MOFs still lags applications in energy storage, drug delivery and catalysis, recent studies have 

shown highly promising opportunities to design multifunctional MOF radiation detectors. This is 

owed to their design versatility, high stabilities, and potential to be integrated into flexible devices 

opening opportunities for improved non-planar imaging, reducing radiation exposure times and 

non-destructive inspection imaging. There are several key figures of merit for direct radiation 

detectors, including sensitivity (S), charge collection efficiency (CCE), dark current, limit of 

detection (LOD), and response speeds.

5.1 Sensitivity

The sensitivity of an X-ray detector is one of the primary figures of merit determining the 

detector’s effectiveness. The sensitivity of direct detector can be described as the charge collected 
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per unit exposure of incident radiation per unit area. The sensitivity can be calculated using 

equation 3, which relates the photocurrent (Ip), dark current (ID), radiation dose rate in air of the 

X-ray (D) (measured in Gyair S-1) or radiation exposure (measured in R s-1) and the effective area 

of the detector (A). 

         𝑆 =  𝐼𝑝― 𝐼𝐷

𝐷 × 𝐴
                                                                𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3 

Care should be taken when comparing quoted sensitivities due to the dependence of sensitivity on 

the incident radiation energy and applied electric field. The record sensitivity for a MOF-based 

direct radiation detector was reported by Yu et al. in 2024.[67] Here, a viologen-templated Dy(III)-

based MOF with radiochromic semiconductive properties is reported with excellent sensitivity. 

The synthesised MOF RCS-2, a2(EV)0.5[Dy2(IPA-SO3)4]·H2O (RCS-2; IPA-SO3 = 5-

sulfoisophthalate; EV2+ = N,N′-diethyl-4,4′-bipyridinium cation) shows an X-ray sensitivity of 

6385 C Gy-1 cm-2 under a bias of 271 V cm-2 and source current of 50 kVp. This work builds upon 

the groups previous works from Han et al. in 2022, where they present the first rewritable 

radiochromic semiconductive MOF, {(EV)[Zn2(ox)3]∙3.5H2O}n which showed an impressive X-

ray sensitivity of 3216 C Gy-1 cm-2 under a X-ray tube voltage of 30 kVp and bias of 

approximately 238 V mm-1.[68] 

The importance of MOF chemical structure design is highlighted, with the transportation of 

charges significantly influenced by intermolecular interactions. In the case of RCS-2, the 

numerous delocalised conjugated π-electrons, highlight the advantage of a high number of robust 

π–π interactions, mitigating energy losses and aiding rapid charge transport. 

The use of conjugated frameworks for MOF direct detectors was also shown by Li et al. who 

demonstrated promising X-ray detection performance with the lead-free MOF, Ni-DABDT. This 

MOF comprised of Ni and DABDT (2,5-diamino-1,4-benzenedithiol dihydrochloride) forming a 

p-d conjugated MOF which demonstrated a good sensitivity of 98.6 C Gy-1 cm-2 under 50 kVp 

X-ray energy and a low operating bias of 1 V. The low operating bias of 1V has significant promise 

for developing handheld devices, with higher sensitivities expected at increased biases.[69] This 

also shows the potential of non-toxic, low Z atom MOFs as low-cost, solution-processable 

alternatives to current commercial detectors. 
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Furthermore, the incorporation of photochromism active guest species is an excellent example of 

host guest interactions in MOFs, used to aid application specific properties. In the case of 

photochromism active cations, these species are known to improve charge separation and promote 

conductivity, significantly enhancing MOF charge collection efficiency and sensitivity. This opens 

up numerous avenues of exploration to improve performance of MOFs increasing competitiveness 

with leading materials such as single crystal CdTe/CZT and halide perovskites.

These examples demonstrate methods which can be used increase the sensitivity of MOFs. 

Sensitivity in MOF direct detectors has been a particular challenge. Although, Sensitivities have 

now increased beyond commercial a-Se detectors (20 C Gy-1 cm-2) and polycrystalline CZT 

(2400 C Gy-1 cm-2) at 20 kVp and 104 V mm-1 field and 80 kV and 250 V mm-1 respectively, 

they still lag behind the top performing Perovskite direct X-ray detectors.[64,65] 

The potential to overcome these challenges through the bottom-up design of MOFs structure and 

incorporation of guest species is further demonstrated by Wei et al., whose work builds on the 

emergence of semiconductive multiple hybrids heterojunctions which provide opportunities to 

design electronic properties through  bottom-up approach. In their work, Wei et al. demonstrate 

the performance and X-ray absorption capabilities of donor-acceptor MOFs could be enhanced 

using polyoxometalates (POMs), which are excellent building blocks for fabricating high-

performance ternary MOF direct X-ray detectors, due to their tunable bandgaps, structure and high 

Z.[70] In their work, a photoactive POM [(α-SiW12O40]4− was introduced as a second donor guest 

species into the binary MOF {[Ni·bcbp·(H2O)2]·(H2O)4·Cl}n (Ni-bcbp, bcbp: H2bcbp·2Cl = 1,1′-

bis(4-carboxyphenyl)(4,4′-bipyridinium) dichloride. This MOF host was developed from the 

electron-deficient organic ligand viologen which acts as an acceptor and redox-active donor metal 

Ni. This results in a semiconductive ternary donor-donor-acceptor (D-D’-A) MOF named 

SiW@Ni-bcbp, which demonstrated enhanced sensitivity of up to 5741.6 µC Gyair
−1 cm−2. The 

synergistic effects of the electron reservoir and POM which improve charge separation, 

photoelectric conversion performance and reduce carrier recombination probability provides 

promising avenues for future design of MOF direct detectors which can overcome the challenges 

of sensitivity and push beyond current limits. 
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The sensitivity of a given detector can also be theoretically calculated by relating the quantum 

efficiency (𝜂𝑥), charge collection efficiency (𝜂𝑐𝑐) and number of electron-hole pairs (EHP) created 

by each absorbed photon (𝜂𝑚), giving significant insight into potential detector materials, prior to 

synthesis.[71] The quantum efficiency can be calculated by 𝜂𝑥 = 1 ―  𝑒―𝜇𝑡, where 𝜇 is the 

attenuation coefficient, and t is the thickness of the active layer. 𝜂𝑚 is determined by 𝜂𝑚 = E(μ𝑒𝑛/μ)
W±

, where 𝜇𝑒𝑛 is the energy absorption coefficient and W± is the electron hole pairs (EHPs) creation 

energy. 𝜂𝑐𝑐 depends on the product of τF; where µt  is the charge mobility lifetime product and 

F is the applied electric filed, and the geometric design of the detector.[72] Bringing these together, 

the theoretical sensitivity can be expressed by Equation 4, where S0 (given in C R-1 cm-2) is a 

constant that depends on the X-ray energy (Equation 5).[73] To convert S0 to SI units it can be 

multiplied with 𝑓𝑐𝑜𝑛𝑣 = (8.76 ×  10―3 𝐺𝑦𝑎𝑖𝑟/𝑅)―1. 

         𝑆 =  𝑆0𝜂𝑥𝜂𝑚𝜂𝑐𝑐                                                               𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4

                                                    𝑆0 =
5.45 × 1013𝑒
𝐸(𝜇𝑚/𝜌 )𝑎𝑖𝑟

                                                   𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 5

It is equally important to the sensitivity of the detector, for the generation of collectable EHPs to 

be maximised. The amount of collectable charge (∆𝑄)  generated by the absorbed radiation energy 

(𝐸) is defined by equation 6, where e is the elementary charge. From equation 6, we see that the 

EHP creation energy (𝑊± ), defined as the amount of energy required to generate a single EHP, 

should be as low as possible.[74] From Klein’s rule, we know that for many semiconductors 𝑊± 

≈ 3𝐸𝑔 where 𝐸𝑔 is the bandgap.[75,76] Therefore, the use of a material with a narrow bandgap is 

preferable for maximising charge carrier generation. 

                                                                      ∆𝑄 = 𝑒𝐸
𝑊±

                                                           𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6                                                 

Table 2.  Performance comparison of MOF-based  and commercial direct X-ray detectors.
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Material Sensitivity 
(C Gy-1 

cm-2)

Tube 
Current

(kV)

Applied 
Bias        
(V)

Resistivity
(W cm-1)

𝝉 
product  
(cm2 V-1)

Limit of 
Detection 
(nGy s-1)

Refs.

SCU-13 65.86 80 100 6.98 x 1010 4.3 x10-4 6553 [45]
RhB+@TbTATAB 51.90 30-160 100 8.0 x 1011 1.1 x 10-3 4420 [77]

Cu-DABDT 78.7 40 1 - 6.5 x 10-4 - [78]
SCU-12 23.8 80 30 1.6 x 1011 1.3 x 10-4 705 [79]

Ni-DABDT 98.6 50 1 - 3.3 x 10-4 7200 [69]
SCU-15 Single Crystal 3.15 - 1 6.18 x 1011 2.2 x 10-3 33 960 [80]

{(EV)[Zn2(ox)3]∙3.5H2O}n 3216 - 30 3.84 x 109 8.3 x 10-3 - [68]
RCS-2 6385 50 271 4.31 x108 1.61 x10-4 - [67]

ZIF-8 Wafer 70.82 20 - 2.88 x 1012 - 3475 [81]
-Se 20 20 - - 5.0 x 10-10 5500 [64]

CdZnTe Polycrystalline 2400 80 - ~109 7.0 x 10-9 50 000 [65][82]
CdTe Single Crystal 4.2 x 105 61 - - 5.2 x 10-3 [83]

HgI2 2400 80 - - 5.0 x 10-9 10 000 [84]

5.2 Charge Collection Efficiency 

Alongside the generation of charge carriers, they must be efficiently transported through the 

material and collected. The charge collection efficiency is determined by two principal factors, the 

charge carrier mobility () and the average lifetime of the charge carrier (𝜏). The sum of these 

factors (𝜏) is known as the charge mobility lifetime product. 𝜏𝐹 represents the schubweg 

distance, the mean distance travelled by thar charge carrier before it is trapped or undergoes 

recombination where F is the applied electric field. To maximise the charge collection efficiency, 

it is required that the schubweg distance of the EHPs be greater than the thickness of the active 

material.[74] It is important to balance the need for improving X-ray attenuation with greater 

material thicknesses and ensuring schubweg distances remain greater. If the thickness of the 

material exceeds schubweg distances, charge collection and therefore detector sensitivity will be 

limited.

Typically, single crystal direct detectors m𝜏 product ranges from 10-4 to 10-3 cm2 V-1. For example, 

CZT single crystal have a 𝜏 value of 3.0 x 10-3  cm2 V-1 , whereas polycrystalline CZT and a-Se 

have 𝜏 values of 7.0 x 10-9 cm2 V-1 and 5.0 x 10-10 cm2 V-1 respectively.[64,65,85] The largest 𝜏 
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products demonstrated in a standalone MOF X-ray detector is shown in the single crystal of MOF 

SCU-15, (UO2 (SC6H4COO)2(DMF), which has a calculated 𝜏 product of 2.18 x 10-3 cm2 V-1, 

exceeding that of CZT single crystals, as well as being comparable to some halide perovskite single 

crystals. The reported SCU-15 demonstrates a millimetre thickness single crystal detector, 

necessitating the need for a large m𝜏 product, and giving promise for high energy radiation 

detection, where large thicknesses are required to maximise attenuation. Despite the comparatively 

large 𝜏 product, SCU-15 has a relatively low X-ray sensitivity of 3.51 C Gy-1 cm-2 at 1V, 

hindered by the charge collection efficiency in a millimetre-scale device.[80] Further improvements 

in the 𝜏 products of MOFs were shown by Liang et al. which improved the 𝜏 product of 

TbTATAB (Tb2L2·4H2O·6DMF, L = TATAB3–, 4,4′,4″-s-triazine-1,3,5-triyltri-p-aminobenzoate, 

DMF = N,N-dimethylformamide) from 3.21 x 10-4 cm2 V-1 to a record in MOF-based X-ray 

detectors 1.12 x 10-3 cm2 V-1 by incorporating the electron deficient molecule Rhodamine B (RhB) 

within the pores of the MOF.[77] The incorporated guest species demonstrated that the 

optoelectronic efficiency of MOFs can be improved by controlling the exciton behaviour, resulting 

in efficient energy transfer from the framework to guest species via a Wannier-Mott exciton to 

Frenkel exciton conversion. Alongside drastically improving the 𝜏 product, RhB+@TbTATAB 

shows 44 times increase in sensitivity when compared to TbTATAB at an applied bias of 30 V. 

The versatility to incorporate guest species with MOFs porous framework therefore provides 

substantial opportunity to tune the optoelectronic and thus X-ray detection properties of MOFs, 

with m𝜏 products already achieving values in excess of CZT and a-Se, as well as some perovskites 

such as MAPbI3 wafers (2 x 10-4 cm2 V-1) and Cs2AgBiBr6 single crystals (3.75 x 10-3 cm2 V-

1).[64,86,87] There is huge potential to exceed the best alternatives, opening pathways to cheaper, 

easily processable and size adaptable radiation detectors.

The effective mass (𝑚∗) of electrons and holes also plays an important role in determining the 

charge transport properties of semiconductors. The charge mobility is related to 𝑚∗ by equation 

7, showing it is preferential for smaller 𝑚∗:

                                                                           𝜇 = 𝑒
𝜏

𝑚 ∗                                                      𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 7

Page 32 of 51Materials Horizons

M
at

er
ia

ls
H

or
iz

on
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

6.
07

.2
02

5 
22

:0
4:

02
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D4MH01122H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4mh01122h


31

Materials which have similar 𝑚∗ of electrons and holes are excellent to provide balanced 

ambipolar conductivity which is also important to device operation. This ensures little disparity 

between the two types of carriers preventing significant trapping of one carrier. Trapping of either 

electrons or holes in deep traps will have various detriments on the detector performance. Firstly, 

there is a reduction in sensitivity due to a lower charge collection efficiency. 

Figure 5: Summary of direct X-ray characterisation of MOFs. a) The photocurrent of SCU-15 SC 
decreased versus time under different dose rates from 2.75 to 0.53 mGy/s. Reproduced with 
permission from  [80]. b) X-ray induced current response with increasing dose rate of SCU-15 SC, 
and maximum sensitivity measurement. Reproduced with permission from [80]. c) 
Mobility−lifetime product of best performing mobilities demonstrated in a MOF direct X-ray 
detector (RhB+@TbTATAB) derived from the photoconductivity curves. Reproduced with 
permission from [77]. d) X-ray dose-dependent signal-to-noise ratio of the Ni-DABDT detector, 
with limit of detection highlighted. Reproduced with permission from [69]. e) Schematic structure 
of X-ray prototype imaging device based on the Ni-DABDT material and X-ray imaging of an 
aluminium bulk with the letter “H” pattern. Reproduced with permission from [69].

Limit of detection

Bias 1V

SCU-15 SC
sensitivity = 3.51 µC Gy-1 cm-2

RhB+@TbTATAB

µτ = 1.12 x 10-3 cm2 V-1

Dose rates

a) b) c)

d) e)
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Secondly, in a pixelated detector, the trapped charge carriers can induce charges on neighbouring 

pixels resulting in a reduction of resolution for trapped holes and increase of resolution at high 

spatial frequencies for trapped electrons.  Furthermore, recombination of charge carriers with 

previously trapped holes or electrons will further cause a reduction in sensitivity as well as image 

ghosting. 

Carrier mobilities are also greatly affected by material morphology, crystallinity, and defects. This 

has been demonstrated in perovskite research where single crystals have demonstrated much 

greater mobilities over thin films due to reduced trap density and eliminated grain boundaries. 

Various processing methods to optimise film quality, alongside passivation techniques, have been 

developed for perovskites and lessons can be taken from this to reduce grain boundaries and 

defects, optimising mobilities and longer carrier diffusion lengths.  

5.3 Dark Current

Another important concept for X-ray detectors is dark current, which should be kept as low as 

possible to maximise the signal-to-noise ratio (SNR). The dark current of a detector is influenced 

by the number of activated charge carriers generated by the irradiation and the amount of charge 

carriers injected from the electrodes. The number of injected charge carriers is mainly affected by 

the electric field strength (F) and the resistivity of the material. The number of intrinsically 

generated charge carriers is related to 𝑊±  and therefore the bandgap of the material.  Reducing 

the dark current requires the 𝑊±  to be lower, and therefore broader bandgaps are preferred. 

Nonetheless, this negatively affects device sensitivity and a compromise between achieving both 

adequate sensitivity and low dark current is required. A wide range of resistivity is seen within 

MOFs due to their chemical tunability, allowing fine tuning towards a wide range of radiation 

detection applications. Xu et al. developed an ultra-low-dose radiation detector by fabricating ~400 

μm-thick ZIF-8 wafers through pelletisation.[81] The detector exhibited exceptionally high 

resistivity, measured at 2.88 × 10⁻¹² Ω·cm⁻², approximately two orders of magnitude higher than 

most other MOFs and commercial direct detectors such as CZT. This high resistivity contributed 

to an ultra-low dark current of just 1.27 pA mm⁻² under an electric field of 322 V mm⁻¹. While the 

ZIF-8 detector demonstrated a modest X-ray sensitivity of 70.82 μC Gy⁻¹ cm⁻², it achieved a 
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promising image resolution of 1.2 lp mm⁻¹, highlighting its potential for full-scale imaging 

applications.

Notably, this ZIF-8 detector was the first MOF-based device to be applied for alpha particle 

detection, achieving an energy resolution of 43.78% at a 300 V bias. These results, likely enabled 

by the exceptionally low noise of the ZIF-8 detector, demonstrate its proof-of-concept viability for 

single-photon counting applications. Such applications include alpha particle detection, gamma 

spectroscopy, and fast neutron solid-state detection. MOFs could be particularly well-suited fast 

neutron detection due to the abundance of hydrogen-rich organic molecules in MOFs, which 

results in a high frequency of proton recoil events, critical for neutron detection.

The electrical conductivity of the MOF Cu-DABDT (DABDT = 2,5-diamino-1,4-benzenedithiol) 

was shown by Li et al. to have a dramatic temperature dependence with values of 3.7 x 10-7 S cm-

1 at 300 K to 7.1 x 10-11 S cm-1 at 50K.[78] This temperature-dependent electrical conductivity is 

seen in similar X-ray detector materials such as the perovskite Cs2AgBiBr6 and gives possibility 

of a new route to optimisation between achieving the required resistivity to ensure low dark 

currents and maintaining a good sensitivity.[86] Using the temperature-dependent conductivity 

measurement, the effective activation energy of ion migration can also be calculated (Ea). For Cu-

DABDT, the Ea at 300K was measured to be 242.13 meV which is higher than that of MAPbBr3 

and MAPbI3 (<200 meV) indicating a reduction in ion migration in Cu-DABDT, reducing the 

noise and providing a potentially more stable dark current under higher biases. Furthermore, the 

Cu-DABDT showed an excellent sensitivity for a low Z detector of 78.7 C Gy-1 cm-2 at a low bias 

of 1V and 40 kVp. Techniques such as incorporating MOFs into polymer membranes can also be 

successfully used to alter the optoelectronic properties of the MOF, optimising their X-ray 

detection capabilities. For example, Liang et al. produced a flexible X-ray detector by 

incorporating the MOF SCU-13 ([(CH3)2NH2]2PbL2) (L=C6Cl2O4
2-) into a polyvinylidene fluoride 

membrane.[45] This resulted into a reduced resistivity of 6.98 x 1010 W cm-1 compared to 2.18 x 

1011 W cm-1 for the pelletised MOF. This results from the homogeneous distribution within the 

thermoplastic membrane resulting in a reduction in grain boundary resistance compared to the 

pelletised MOF. This reduction in resistivity, alongside a reduction in trap density from 6.09 x 1010 

cm-3 in the pelletised MOF to 1.74 x 1010 cm-3 in the SCU-13 based thermoplastic membrane 
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results in a 2.34 times greater sensitivity for the SCU-13 membrane compared to the pelletised 

SCU-13 measured using 80 kVp and 50V bias. 

5.4 Limit of Detection

The sensitivity and dark current of a direct radiation detector are intrinsically linked to the 

detector’s limit of detection (LOD), a key metric for evaluating performance under specific 

conditions such as security imaging or medical dose testing. The LOD is defined as the measurable 

dose rate that produces a current response of 3 times the dark current or noise level. This therefore 

gives the minimum radiation dose rate that can be measured accurately by a radiation detector. To 

achieve a low LOD it is therefore vital to have a sufficiently low and stable dark current, whilst 

maintaining a high sensitivity and current response. Most MOF direct X-ray detectors have so far 

typically demonstrated LODs similar to that of α-se (5.5 µGy s-1) and exceeding the requirements 

for typical medical imaging. The lowest limit of detection recorded for a MOF based direct detector 

so far was reported by Wang et al. in 2019. Wang et al. used the MOF SCU-12, 

[(CH3)2NH2]Tb2L3(DMF)2(H2O)2(HCOO), (L= C6Cl2O4
2−), to form a pelletised polycrystalline 

direct detector with an excellent LOD of 0.705 µGy s-1, giving great promise for the potential use 

as MOFs for low dosage radiation detectors.[79] This is a vital need for meeting the increasing 

demands of modern medicine, where regular preventative medical scans are required. 

5.5 Response Time

The final key figure of merit for direct radiation detector is their response speeds. A direct radiation 

detector’s response speed is defined as the rise time of the photocurrent pulse from 10% to 90% 

(τ1) and the decay time of the same photocurrent pulse from 90% to 10% (τ2). Typically, the 

response speed is closely associated with the trap density of the detector material as well as the 

device architecture. The response speed of a detector dictates the application it is suitable for to 

maintain current operational performance. For example, medical radiography and CT scans 

typically have a decay time of 1000 ns and 2000 ns respectively and longer afterglows of a few 

milliseconds.[88,89] On the other hand, positron-emission tomography (PET) typically requires a 

fast response speed of approximately 40 ns.[90] Direct radiation detectors suffer a disadvantage 

compared to scintillators with respect to response speeds, with typically slower response speeds, 
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requiring careful optimisation of materials to reduce trap densities and appropriate choice of 

application for the detector material. 

6. Opportunities to Overcome Challenges and New Applications for MOF-based X-Ray 

Detectors.

Figure 6. Some applications and opportunities for MOF-based X-ray detectors and scintillators, 

and production methods. (Top) Targeted drug delivery and bioimaging using MOFs in the 

human body. (Bottom left) Conformability of MOFs into flexible films and devices. (Bottom 

right) Some fabrication methods of various MOF morphological assemblies towards scalable 

production. The monolith illustration is adapted with permission from [29,91]. Created with 

BioRender.com. 
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6.1 Leveraging chemical versatility to enhance performance 

So far it has been demonstrated, MOFs are increasingly being recognized as potential candidates 

for next-generation X-ray detectors. Their chemical versatility and tunability allow for 

sophisticated and rational design of MOFs for radiation detection, by varying ligands, metal 

centres, and guest species incorporated within their permanent porosity. This has led to the 

development of over 100,000 experimentally synthesized MOFs in the Cambridge structural 

database, with almost infinite theoretical possibilities for new MOFs.

The permanent porosity of MOFs, although limiting for density and radiation attenuation, is 

beneficial for numerous applications and provides further chemical versatility, with the 

incorporation of guest species such as wavelength shifters, sensitizing species, and other species 

that can improve the scintillation and direct detection properties of the subsequent MOFs. One 

notable example is the development of halide perovskite@MOF composites, which have been 

demonstrated to efficiently stabilize halide perovskites from environmental instabilities. The 

development of halide perovskite@MOF composites was first demonstrated in 2015, by 

incorporating MOF-525 nanocrystals into perovskite precursor solutions. Since then, numerous 

examples of halide perovskite@MOF have been shown. These composites provide an effective 

barrier to stabilize halide perovskites from environmental agents, and another route to sensitizing 

MOFs with optoelectronic properties. This provides future tunable design opportunities, 

harnessing the properties of multiple materials in synergistic composites. The chemical versatility 

of MOFs holds significant promise for the development of next-generation X-ray detectors, with 

potential applications ranging from ultrafast scintillation resulting from ligand choices and guest 

interactions to high stability direct detectors for gamma radiation. With the vast possibilities for 

tailored synthetic designs, the field of MOF-based X-ray detectors is likely to see significant 

growth in the coming years.
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6.2  Advanced processing techniques for scalable and uniform fabrication of MOF pixelated 

X-ray imaging systems.

Despite the promise of MOFs in X-ray detection, the morphology and scalability of MOFs is an 

important consideration for their industrial and commercial applications, including in radiation 

detection. Scalability can be viewed in tow regards when discussing MOF X-ray detectors. The 

first is the scalability of MOF synthesis and manufacturing which has been thoroughly reviewed 

previously, highlighting the key parameters for critically evaluating the large-scale manufacturing 

of MOFs. The highlighted parameters, include reagent and solvent costs, reaction times, reaction 

temperature,  solvent choice, and quantity, washing, and finally processing and shaping techniques. 

Some of the most common current radiation detector materials such as CsI@Tl and CZT often 

require long reaction times (up to 3 months), high temperature (> 1000C), and complex growing 

conditions, resulting in significant costs to companies. Although in its infancy, scalable synthesis 

techniques of MOFs have started to grow with ongoing research into continuous MOF synthesis, 

mechanochemical, sonochemical and microwave assisted synthesis all providing routes to scalable 

low energy bulk production of MOF powders, giving promise for low-energy scalable 

manufacturing of MOFs for a wide variety of applications.

Our focus when discussing  the scalability of MOFs for X-ray detection is on their integration into 

full imaging systems and pixelated detectors. We will discuss the challenges and parameters 

affecting their integration and processing and shaping methods to achieve imaging systems and 

how this compares to alternative radiation detector materials. MOFs are typically synthesised in 

powder morphologies which provides some inherent limitations for MOF X-ray detectors. These 

include, poor handling, low packing densities and poor optical quality, and inefficient charge 

transport. One benefit of MOFs powder morphologies however can be the ease of manufacturing 

large scale films through pelletisation. Pelletisation of MOFs is a commonly used technique, 

resulting in easily shaped, and thickness-controlled pellets depending on the mould of choice. 

Although unpractical for scintillators due to optical transparency for visible photons to escape, 

pelletisation could be envisioned for pixelated direct X-ray detectors. Pixelation can be envisioned 

through a variety of method including incorporating a pixelated design into pelletisation moulds 
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which would provide a low-energy, and easy process to design and manufacture pelletised MOF 

flat panel detectors. Typical industrial pixelation techniques including roll-to-roll printing and 

sputtering could also be envisioned prior to flip-chip bonding onto readout electronics, although 

specific care and optimisation would be required to ensure pellet uniformity and low surface 

roughness. 

Other post processing techniques of MOF powders have also been demonstrated for both 

scintillators and direct detectors. This includes the infiltration of mixed matrix membranes, 

polymer membranes with MOF powders. This process has several advantages and limitations, with 

the overall suitability of prepared films being dictated by the intended applications. Membrane 

infiltration provides a viable pathway to create large area films, with improved optical 

transparency compared to raw powder MOFs. They also provide unique opportunities such as 

biocompatible and flexible, wearable radiation monitors. However, for applications which require 

high-resolution imaging,  MOF doped films have limitations due to optical refraction and an 

uneven distribution of MOF particles.  

Advanced processing techniques such as liquid phase sintering and monolithic MOF synthesis 

offer two processing routes which could overcome these limitations. Liquid phase sintering has 

been demonstrated as a scalable method to convert powdered MOFs into glassy MOFs with high 

optical transparency. This overcomes handling problems and the challenges with uneven 

distribution of MOF particles in polymer membranes, whilst maintaining their ability to 

encapsulate guest species. This produces robust, shape adjustable MOF glasses and composites, 

with potential to tune the X-ray attenuation of MOFs to specific radiation energies. This makes 

MOF glasses excellent candidates for both scintillator and direct radiation detectors. Pixelation of 

MOF glasses could be achieved via typical electrode processing techniques such as spin coating, 

thermal evaporation, sputtering or lithography with conditions dependent on the MOF of choice. 

The developments in sol-gel MOF processing which have enabled the development of high-density 

polycrystalline MOF structures through advanced synthesis and densification, resulting in size-

controllable materials could also be highly beneficial for developing MOF  X-ray imaging systems. 

These cm-sized, monolithic MOFs exhibit superior mechanical properties, including increased 

hardness and Young's modulus compared to their powder, pellet, or single crystal 
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counterparts.[27,28] Additionally, monolithic MOFs maintain, and in some cases enhance their 

characteristic porosity, high bulk densities, and exceptional volumetric adsorption capacities, 

whilst maintaining their crystalline structure, providing potential to incorporate guest species 

improving optoelectronic performance whilst maintaining processability. The sol-gel synthesis 

approach for developing scintillators was demonstrated successfully by Avila et al. who prepared 

a proof-of-concept monolithic MOF scintillator by incorporating MAPbBr3 nanocrystals into the 

mesoporosity of the MOF ZIF-8.[92] These perovskite@MOF monoliths were developed using 

scalable processes, with no external pressure or heating required to form dense robust structures, 

with comparable optical quality of MOF glasses.  This sol-gel processing technique and the use of 

mild drying solvents such as ethanol or water, monolithic MOFs, could provide a future route to 

efficient direct growth onto commercial pixelated detectors for both scintillator and direct detector 

X-ray imaging systems. 

6.3 Host-guest interactions and emerging biomedical applications

As mentioned, MOFs permanent porosity enables the incorporation of guests within MOFs, 

providing opportunities for sensitisation and multifunctionality. The possibility of host-guest 

interactions and encapsulation enables the exploration of future applications. MOFs are favourable 

for biomedical applications, including cancer therapy, bioimaging and drug delivery, due to their 

low cytotoxicity, biodegradability arising from easily broken metal-ligand bonds, and high 

porosity.[93,94] Although the components that make up a MOF can be toxic separately, they can 

become non-toxic when merged to form a MOF.[95,96] BioMOFs, which are MOFs with at least one 

biomolecule (like amino acids, proteins, polypeptides, etc.) as a linker, have also emerged as a new 

subclass of MOFs.[97,98] Multi-functional theragnostic systems can be realised by loading 

therapeutic agents into the internal cavity of MOFs.[34] For example, a nanoscale MOF was used 

to co-deliver multiple therapeutics for effective medical treatment[99], and a MOF active targeted 

drug delivery nanocarrier platform was designed that is also able to facilitate in vivo imaging with 

good biocompatibility and low cytotoxicity.[100] Della Rocca et al. has summarised different 

strategies developed to incorporate both imaging and therapeutic agents into nanoscale MOFs, by 

exploiting their tunability to realise high agent loadings.[101] There is great potential for 

theragnostic imaging, where bioimaging is combined with drug delivery in a single ensemble, 

using biologically safe MOFs. Perego et al. noted that the material composition of MOFs can be 

Page 41 of 51 Materials Horizons

M
at

er
ia

ls
H

or
iz

on
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

6.
07

.2
02

5 
22

:0
4:

02
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D4MH01122H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4mh01122h


40

tailored, via the accessible pores, to allow interactions with different types of radiation by 

including different elements and compounds.[41] This gives rise to the promise of multi-modal 

imaging [102–105] and multi-colour detection [106], with future exciting possibilities, by sensitising 

MOFs in multiple ways.

MOFs which exhibit a long afterglow/persistent radioluminescence, also present great potential 

for in vivo bioimaging. For example, prolonged scintillation in the red can facilitate their detection 

through the skin. A common strategy for their synthesis is to dope additional ions (for example, 

rare earth ions) to provide the desired luminescence colours and lifetimes. Yuan et al. has 

summarised a list of reported MOFs with long afterglow behaviour, and the various synthetic 

approaches.[107]  Yan et al. has, for instance, developed Zn-terephthalate MOFs which exhibit an 

afterglow emission as long as 0.47 s, which is three orders of magnitude longer than typical 

photoemission lifetimes in the order of hundreds of microseconds to few milliseconds in MOFs 

containing noble metals and rare earths.[108]  Zhang et al. presented another example of a Ca-MOF 

with long afterglow up to 4 s and visible by the naked eye.[109] 

6.5 Improved mechanical properties for durable and flexible detectors. 

Desired mechanical properties, such as compactness and flexibility, can be incorporated into the 

fabrication of MOF-based detectors, via polymerization procedures[41] . Wang et al. presents, for 

the first time, an X-ray detector with mechanical flexibility, prepared by a thermoplastic dispersal 

of MOFs with readily available polymers, where the photocurrent remained stable despite the 

device undergoing 500 bend cycles[45]. This work showcases the promise of MOF-based X-ray 

detectors for medical and industrial imaging and testing, in the form of non-planar device 

configurations. 

Most recently, a porous hafnium-based MOF containing dicarboxy-9,10-diphenylanthracene as a 

scintillating conjugated ligand to detect radioactive noble gases was demonstrated for the first 

time.[61] The prototype detector was able to detect krypton-85 with sensitivity superior to the 

commercial plastic scintillator EJ-276, with the additional advantages of being more compact, 

cheaper, and requiring much shorter acquisition times. This work showcases the potential of 
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radioactive gas detectors based on porous MOF crystals as scintillators to outperform existing 

technologies.

6.6 Advancing environmental sustainability in MOF-based detectors

Sustainability is an increasingly important consideration in the development of X-ray detection 

materials, particularly for medical and industrial applications. MOFs offer significant potential for 

environmentally friendly designs due to their modular and highly tunable structures. For example, 

Ren et al. highlight the prospects of high-performance yet environmentally friendly X-ray 

detectors, using MOFs free of toxic elements, through the examples of Pb-free Cu-DABDT-

MOFs-based[78] and Ni-DABDT-MOFs-based[69] X-ray detectors. This demonstrates the potential 

for MOF detectors to reduce the reliance on hazardous materials like lead, cadmium, and mercury, 

which are commonly used in conventional detectors. 

Environmentally sustainable synthesis methods further enhance the appeal of MOFs. Techniques 

such as electrochemical synthesis, which has been successfully applied to MOFs like HKUST-1 

and MIL-100, use benign solvents (e.g., water or ethanol) and avoid high-energy processes.[110] 

Additionally, emerging mechanochemical methods could eliminate the need for solvents 

altogether, reducing waste generation and energy consumption. Such methods are aligned with 

green chemistry principles and offer scalable routes to producing MOFs with minimal 

environmental impact. These approaches alongside typical solvothermal MOF synthesis offer 

significant energy savings compared to the long and high temperature methods of current detector 

materials such as CZT and CsI:Tl. The combination of

green synthesis techniques and large chemical versatility of MOF-based detectors provides a 

pathway to significantly reduce the environmental footprint of radiation detection technologies, 

which could pave the way for sustainable medical diagnostics and imaging systems.
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7. Conclusion

In this review, we have covered the fundamental mechanisms, figures of merit, and recent research 

progress made in MOF-based detectors and scintillators for a new generation of X-ray 

technologies, as well as their future promise. Proofs-of-concept in research laboratories have 

shown that MOF-based X-ray detectors can be competitive against commercially available 

technologies for a range of applications including biomedical imaging and optoelectronics, with 

potential advantages including lower toxicity, facile synthesis, scalable production, higher 

performance and efficiency, environmental and irradiation stability, lower costs and 

durability.[77,92,111]. Future research efforts will continue to push their sensitivity beyond current 

limits, resulting in enhanced image resolutions and reduced radiation exposure for patients. Their 

multi-functionality enables important applications in bioimaging, monitoring and drug delivery, 

among others. The development of cost-effective production techniques will also help meet the 

rising demand for imaging, widening access to critical healthcare and security needs for societies. 
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