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Mateusz A. Baluk a,*,1, Aleksandra Pieczyńska a,2, Paweł Mazierski a,3, Malwina Kroczewska b,4, 
Kostiantyn Nikiforow c,5, Alicja Mikolajczyk d,e,6, Joanna Dołżonek f,7, Justyna Łuczak b,8, 
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A B S T R A C T   

Cu and Ag enhance the photocatalytic activities of metal–organic frameworks (MOFs) toward CO2 conversion 
because of their CO2 adsorption capacities and effects on the lowest unoccupied molecular orbital (LUMO) 
overpotentials of MOFs. However, to date, targeted introduction of metals into MOFs to achieve visible (Vis)- 
light-active photocatalysts for CO2 photoconversion has not been realized. Herein, a series of amine- 
functionalized Ti MOF (NH2-MIL-125(Ti))-based photocatalysts were successfully synthesized using metal
ation, incorporation, and photodeposition, allowing Cu and Ag incorporation into NH2-MIL-125(Ti) and 
attainment of ultraviolet- and Vis-light-active photocatalysts. Notably, the most active photocatalyst obtained by 
post-synthetic metalation of NH2-MIL-125(Ti) by Cu2+ (MOF_met_0.5%Cu) demonstrated excellent performance 
in photoreducing CO2 to HCOOH: a conversion rate of 30.1 umolg− 1h− 1 and quantum yield of 1.18% at 380 nm. 
Photoconversion of CO2 to HCOOH was further confirmed using 13CO2. The novel approach proposed herein is a 
significant step toward clean energy production and environmental pollutant elimination.  

Abbreviations: MOFs, Metal–organic frameworks; LUMO, Lowest unoccupied molecular orbital; NH2-MIL-125Ti, Amine-functionalized Ti metal–organic frame
work; UV, Ultraviolet; HOMO, Highest occupied molecular orbital; SBUs, Secondary building units; GC/MS, Gas chromatography/mass spectrometry; NMR, Nuclear 
magnetic resonance; DMF, N,N-Dimethylformamide; AcN, Acetonitrile; AcA, Acetic acid; TPOT, TitaniumIV isopropoxide; AcN-d6, Deuterated acetonitrile; DMSO-d6, 
Deuterated dimethyl sulfoxide; TEOA, Triethanolamine; Met, Metalation; Pho, Photodeposition; Inc, Incorporation; Vis, Visible; DRS, Differential reflectance 
spectroscopy; PL, Photoluminescence; FTIR, Fourier transform infrared; SEM, Scanning electron microscopy; TEM, Transmission electron microscopy; EDS, Energy- 
dispersive X-ray spectroscopy; BET, Brunauer–Emmett–Teller; XPS, X-ray photoelectron spectroscopy; TGA, Thermogravimetric analysis; XRD, X-ray diffraction; IC, 
Ion chromatography; AQE, Apparent quantum efficiency; PCA, Principal component analysis; PCs, Principal components; 2D, Two-dimensional; HCA, Hierarchical 
clustering analysis; BE, Binding energy; NPs, Nanoparticles. 
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1. Introduction 

Environmental pollution and fossil fuel depletion are the main global 
issues that need to be addressed. Exploitation of fossil fuels has been 
linked to environmental degradation [1], ecosystem devastation, and 
the increase in the concentrations of CO2 and other greenhouse gases in 
the atmosphere [2]. Therefore, developing new methods of energy and 
fuel production while simultaneously limiting environmental pollution 
is important. In this regard, photocatalytic reduction of CO2 to useful 
fuels, such as methane, methanol, formic acid, and formaldehyde, using 
solar radiation exhibits considerable potential because it not only gen
erates valuable chemical compounds using renewable source of energy 
(namely, solar energy), but also utilizes CO2 as a substrate. However, 
new photocatalysts with high activities in the visible (Vis) light range 
and excellent selectivities are still in demand [3]. Recently, metal
–organic frameworks (MOFs) have attracted significant interest as 
photocatalysts for CO2 conversion. They are porous materials composed 
of secondary building units (SBUs) (that is, coordinated metal ions) 
joined by organic linkers [4]. MOFs are characterized by caged struc
tures, large specific surface areas, and selectivities for chemical re
actions. MOFs with open metal sites and specific groups (e.g.,–NH2) in 
the linker demonstrate high CO2 sorption capacities [4,5]. MOFs with 
photocatalytic properties exhibit outstanding sorption properties, and 
these MOFs include NH2-MIL-125 (Ti) [6], NH2-UiO-66 (Zr) [7], NTU-9 
(Ti) [8], UiO-67 (Ce) [9], and PCN-222 (Zr) [10]. Their photocatalytic 
properties are ascribed to the presence of the -O-M-O- bonds, which 
result in the partially semiconducting natures of these MOFs [4,11]. 

For the practicality of MOFs in photocatalytic reactions such as 
hydrogen photogeneration and CO2 photoconversion, MOFs should be 
characterized by appropriate highest occupied molecular orbital 
(HOMO)–lowest unoccupied molecular orbital (LUMO) potentials, 
which must be between the reduction potentials of the photocatalytic 
reaction [12]. The amine-functionalized Ti MOF - NH2-MIL-125 (Ti) is 
one of the promising MOFs for the photoconversion of CO2. Neverthe
less, only few studies have been reported on the application of 
NH2-MIL-125 (Ti) for CO2 photoconversion (Table 1), where pristine 

and modified NH2-MIL-125 (Ti) have been applied for the photo
conversion of CO2 to HCOOH, methyl formate, methane, and CO. 
Different products were formed depending on the structure, modifica
tion, and form of MOF. Under Vis-light irradiation, Co/NH2-MIL-125 
(Ti) leads to HCOOH with a yield of 38.4 µmol h− 1 gcat

− 1 [13]. 
NH2-MIL-125 (Ti/Ni) results in CO, CH4, and H2 with yields of 5, 0.5, 
and 0.25 µmol h− 1 gcat

− 1, respectively [14]. The rGO@NH2-MIL-125 (Ti) 
composite generates methyl formate (HCOOCH3) with a yield of 1116 
µmol h− 1 gcat

− 1 [15], whereas pristine NH2-MIL-125 (Ti) produces CO and 
CH4 with yields of 8.25 and 1.01 µmolh− 1gcat 

− 1, respectively [16]. Ef
forts are being made to increase the Vis-light activities of MOFs by 
modifying MOFs with various metals and compounds and manipulating 
the systems in which photoconversion occurs using different reaction 
media, photocatalyst concentrations, and processes. However, to date, 
the modification of NH2-MIL-125 (Ti) with Cu and Ag to improve its CO2 
photoconversion activity has not been investigated. Ag or Cu modifi
cations can potentially increase the separation of excited charges in 
photocatalysts [17–19] and enhance the photocatalytic activities under 
Vis-light irradiation [20] and photoreduction properties of photo
catalysts [21]. Moreover, Cu is the only metal that exhibits high selec
tivity for the electrochemical reduction of CO2 to hydrocarbons 
(including CH4 and C2H4) [22–24]. Furthermore, theoretical calculation 
of the overpotential of CO2 reduction to CH4 indicates that the over
potential of CO2 reduction to CH4 over Cu is the closest to the volcano 
peak among those for all metal electrode materials [25]. Thus, the Cu 
ions/clusters included in the MOF structure demonstrate additional 
catalytic activities, enhancing the overall efficiency of the hybrid sys
tem. To the best of our knowledge, only Ao et al. [26] have reported a 
study on the Cu modification of NH2-MIL-125 (Ti) (NH2-MIL-125 
(Ti/Cu)), and NH2-MIL-125 (Ti/Cu) exhibited better properties in the 
photocatalytic degradation of organic pollutants (for instance, phenol 
and methyl blue). Several studies have described the impacts of modi
fying NH2-MIL-125 (Ti) with Ag on the performances of NH2-MIL-125 
(Ti) in acetaminophen photodegradation [19] and water-splitting re
actions [18]. Nevertheless, to the best of our knowledge, no information 
is available on the application of Cu- and/or Ag-modified NH2-MIL-125 
(Ti) for CO2 photoconversion. 

According to the theory of building units of MOFs reported by Prof. 
Yaghi, Cu can form SBUs or can become a part of the organic linker 
(metallolinker), whereas Ag can be incorporated into MOFs in the form 
of complexes only via modification of the linker [4]. Herein, we 
demonstrated that Cu-modified NH2-MIL-125 (Ti) exhibited high per
formance in CO2-to-HCOOH photoconversion under Vis-light irradiation 
(>420 nm). We speculated that different methods of NH2-MIL-125 (Ti) 
modulation might affect the photoactivity of NH2-MIL-125 (Ti); there
fore, modifications of octahedral NH2-MIL-125 (Ti) with Ag, Cu, and 
both Ag and Cu were realized by three methods: (i) metalation (post-
synthetic addition of a metal to coordinating groups), (ii) photo
deposition (post-synthetic formation of metal/metal oxide nanoparticles 
(NPs) on MOF surfaces), and (iii) incorporation (introduction of a second 
metal during MOF production and partial replacement of Ti). Effects of 
the type and amount of metal were systematically analyzed. The ob
tained materials demonstrated high porosities, high CO2 sorption ca
pacities, and high CO2 photoconversion efficiencies under Vis-light 
irradiation. To prove that the detected HCOOH originated from CO2 
photoconversion and explain the mechanism of this reaction, photo
conversion studies were performed using 13C-labeled CO2 followed by 
gas chromatography/mass spectrometry (GC/MS) and nuclear magnetic 
resonance (NMR) spectroscopy. 

2. Experimental 

2.1. Materials 

N,N-Dimethylformamide (DMF, p.a.), ethanol (EtOH, 99.8%), 
acetonitrile (AcN, >99.9%), and silver chloride (p.a.) were purchased 

Table 1 
Comparison of the most important currently available literature data on CO2 
photoconversion in the presence of NH2-MIL-125 (Ti)-based photocatalysts and 
our results.  

Sample name Conditions for CO2 conversion Product and 
yield 

Ref. 

Co/NH2-MIL-125 
(Ti) 

50 mg MOF in 60 mL AcN/TEOA 
(5/1, v/v), 300 W Xe lamp with 
UV-cutoff filter λ >420 nm 

HCOOH38.4 
µmolh− 1gcat

− 1 
[13] 

NH2-MIL-125 
(Ti/Ni) 

20 mg MOF on the glass fiber in 
3 mL AcN and 1 mL TEOA, 30 
kPa CO2, 300 W Xe lamp, λ 
>350 nm 

CO: 5 
µmolh− 1gcat

− 1 

CH4: 0,5 
µmolh− 1gcat

− 1 

H2: 0,25 
µmolh− 1gcat

− 1 

[14] 

rGO@NH2-MIL- 
125 (Ti) 

30 mg MOF in 30 mL MeOH, 
300 W Hg lamp 

HCOOCH3: 
1116 
µmolh− 1gcat

− 1 

[15] 

NH2-MIL-125 (Ti) 10 mg MOF in 15 mL AcN, 1 mL 
H2O, 3 mL TEOA, 300 W lamp 
Xe with UV-cutoff filter AM 
1.5 G 

CO: 8.25 
µmolh− 1gcat

− 1 

CH4: 1.01 
µmolh− 1gcat

− 1 

[16] 

PCN-222 (H2) 2 mg MOF in 2 mL of 20 mM EG 
in water, 300 W lamp Xe with 
UV-cutoff filter λ >420 nm 

HCOOH: 
10.2 
µmolh− 1gcat

− 1 

[47] 

NH2-UiO-66 (Zr) 50 mg MOF in 60 mL AcN/TEOA 
(5/1, v/v), 500 W Xe lamp with 
UV-cutoff filter λ >420 nm 

HCOOH: 
26.4 
µmolh− 1gcat

− 1 

[48] 

MOF_met_0.5% 
Cu 

50 mg MOF in 20 mL AcN/TEOA 
(9/1, v/v), 1000 W Xe lamp with 
UV-cutoff filter λ >420 nm 

HCOOH: 
30.1 
µmolh− 1gcat

− 1 

(AQY – 1.18%) 

This 
work  
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from POCh (Poland). Methanol (MeOH, p.a.) and acetic acid (AcA, 
99.9%) were procured from Stanlab (Poland). 2-Aminoterephthalic acid 
(98%), titanium(IV) isopropoxide (TPOT, 98%), deuterated acetonitrile 
(AcN-d6, 99.8%), deuterated dimethyl sulfoxide (DMSO-d6, 99.8%), and 
C–13C dioxide (99%) were purchased from Merck (Germany). Trietha
nolamine (TEOA) (99.8%) and copper nitrate hexahydrate (p.a.) were 
procured from Chempur (Poland). 

2.2. Preparation of NH2-MIL-125 (Ti) 

NH2-MIL-125 (Ti) (termed MOF hereinafter) was prepared via sol
vothermal synthesis [16]. 2-Aminoterephthalic acid (2.24 g) was dis
solved in a mixture of 88 mL of mixtures of DMF, MeOH, and AcA in a 
9/1/1 ratio (v/v/v). After dissolution 2.4 mL TPOT was added to the 
resulting mixture followed by incubation in an ultrasonic bath for 
10 min. Thereafter, the acquired mixture was transferred to a Teflon 
cartridge followed by placement in an autoclave. The reaction was 
conducted at 150 ̊C for 24 h. To remove impurities from the MOF surface 
after synthesis, the first purification step was performed in which the 
powder was washed three times with DMF and MeOH and then washed 
with boiling DMF for 5 h [27]. Subsequently, it was washed three times 
with DMF and MeOH. Finally, the obtained material was activated for 3 
days in MeOH followed by drying in a vacuum dryer at 200 ̊C for 5 h. The 
synthesis yield was 1.2 g. 

2.3. Fabrication of modified NH2-MIL-125 (Ti) 

NH2-MIL-125 (Ti) was modified with Cu, Ag, and a mixture of Cu and 
Ag by two post-synthetic methods (namely, metalation (met) and pho
todeposition (pho)) and one in-synthetic method (that is, incorporation 
(inc)). Detailed information about the acquired samples is provided in  
Table 2. All modified samples were reheated at 200 ̊C for 5 h under 
vacuum. Samples modified via inc before drying were purified in the 
same manner as that used for pristine MOF. 

In metalation and photodeposition, pristine NH2-MIL-125 (Ti) was 
prepared and then modified. In metalation, 200 mg MOF was added to 
10 mL AcN in a scintillation vial. Cu2+ and Ag+ precursor (Cu 
(NO3)2⋅6 H2O and AgNO3, respectively) solutions were added to the 
abovementioned MOF suspension to achieve a suspension with an 
appropriate weight ratio of metals and MOF. Theoretical amount of Cu 
in MOF was in the range of 0.25–1 wt%, whereas that of Ag was 0.5 wt%. 
Thereafter, the suspension was stirred for 24 h in the dark. Then, the 
resulting sample was centrifuged and washed three times with AcN and 
three times with MeOH followed by drying at 200 ̊C for 5 h in a vacuum 
dryer. The materials obtained using this method were denoted as 
MOF_met_x%metal (where x is the proportion of metal in MOF). 

In photodeposition, 200 mg MOF was suspended in 20 mL ethanol, 
and the resulting suspension was transferred to a quartz reactor. Sub
sequently, a solution of Cu2+ (Cu(NO3)2⋅6 H2O) and/or Ag+ (AgNO3) 
was introduced into the suspension to acquire 0.5 wt% Cu- or/and 0.5 wt 
% Ag-modified MOF. Before deposition, O2 was eliminated from the 
reactor by purging the reactor with N2. To photodeposit Cu and Ag NPs, 
the resulting solution was irradiated with ultraviolet (UV)-Vis radiation 
(1000 W Xe lamp) for 1 h. The obtained material was centrifuged and 
washed three times with ethanol and methanol followed by drying at 
200 ̊C for 5 h in a vacuum dryer. The samples acquired by this method 
were termed MOF_pho_x%metal (where x is the proportion of metal in 
MOF). 

In the case of MOF modification by incorporation, a precursor so
lution of Cu2+ (Cu(NO3)2⋅6 H2O) and/or Ag+ (AgNO3) was introduced 
into a mixture of DMF/MeOH/AcA during the solvothermal synthesis of 
MOF. The amount of Cu and/or Ag was equal to 0.5% by weight relative 
to that of MOF obtained under the same conditions. Production and 
purification conditions for the modified MOF were identical to those 
employed for pristine MOF. The samples acquired via this method were 
denoted as MOF_inc_x%metal (where x is the proportion of metal in 
MOF). 

2.4. Characterizations of pristine and modified MOFs 

Diffuse reflectance spectroscopy (DRS) was conducted using a UV- 
Vis spectrophotometer (SHIMADZU, UV-2600) in the wavelength 
range of 300–800 nm. 

Photoluminescence (PL) spectra were recorded using an LS-50B 
luminescence spectrometer (Perkin Elmer) equipped with a Xe 
discharge lamp in the wavelength range of 300–700 nm at an excitation 
wavelength of 300 nm. 

Fourier transform infrared (FTIR) spectra were obtained using an 
FTIR spectrometer (Nicolet iS5, Thermo Fisher) across a wavelength 
range of 400–4000 cm− 1 using KBr as both a blank and matrix for the 
sample (10 wt% sample in KBr). 

Morphological analyses were performed by scanning electron mi
croscopy (SEM) using JEOL JSM-7610 F (JEOL) and transmission elec
tron microscopy (TEM) coupled with energy-dispersive X-ray 
spectroscopy (EDS) using Titan G2 60–300 FEI (Field Electron and Ion 
Company). 

Inductively coupled plasma (ICP) analysis of Cu and Ag was per
formed by EkotechLab (Poland) in accordance with PN EN ISO 
11885:2009. 

Brunauer–Emmett–Teller (BET) surface area, pore size and volume, 
and CO2 sorption measurements were conducted using a Micro 200 
sorption analyzer (3 P Instrument). CO2 sorption test was performed 
under pressure in the range of up to p/p0 (where p is the gas pressure and 
p0 is the atmospheric pressure) - 0.97, which was approximately 1 bar in 
the range from − 50–25 ̊C, with a dosing rate of 30 mLg− 1. Pore size 
distribution was calculated using the Horvath-Kawazoe/Saito-Foley 
method, and heat of adsorption was evaluated using the 3 P-Instru
ment PAS program. 

X-ray photoelectron spectroscopy (XPS) was conducted using a PHI 
5000 VersaProbe spectrometer (Physical Electronics Incorporated) 
under the following conditions: monochromatic Al Kα radiation (hν =
1486.6 eV) and an X-ray source operating at 25 W, 15 kV, a spot size of 
100 µm, a pass energy of 23.5 eV, and an energy step of 0.1 eV. The 
acquired XPS spectra were examined by CasaXPS using the set of the 
sensitivity factors native for the hardware. Shirley background and 
Gaussian–Lorentzian peak shapes were utilized for the deconvolution of 
all spectra. 

Thermogravimetric analysis (TGA) was performed using Mettler 
Toledo TGA 2 (Mettler Toledo) in the temperature range of 50–800 ̊C at 
a heating rate of 10 ̊C min− 1 under N2 flow (50 mL min− 1). 

X-ray diffraction (XRD) was conducted using a Rigaku MiniFlex 600 
diffractometer (Rigaku Corporation) equipped with Cu Kα irradiation in 

Table 2 
Pristine and modified MOF samples.  

Sample label Type of synthesis 
method 

Type of metal 
used as a 
modifier 

Metal 
amount 
(wt%) 

MOF Solvothermal - - 
MOF_met_0.5%Cu Solvothermal synthesis 

followed by metalation 
Cu 0.5% 

MOF_met_0.5%Ag Ag 0.5% 
MOF_met_0.5% 

Cu0.5%Ag 
Ag 
Cu 

0.5% 
0.5% 

MOF_met_0.25% 
Cu 

Cu 0.25% 

MOF_met_1.0%Cu Cu 1.0% 
MOF_pho_0.5%Cu Solvothermal synthesis 

followed by 
photodeposition 

Cu 0.5% 
MOF_pho_0.5%Ag Ag 0.5% 
MOF_pho_0.5% 

Cu0.5%Ag 
Ag and Cu 0.5% 

MOF_inc_0.5%Cu Solvothermal synthesis in 
the presence of metal ions 

Cu 0.5% 
MOF_inc_0.5%Ag Ag 0.5% 
MOF_inc_0.5% 

Cu0.5%Ag 
Ag and Cu 0.5%  
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the 2θ range of 20–70̊. 

2.5. Photocatalytic conversion of CO2 

Due to the difficulty in investigating the efficiency of CO2 photo
conversion caused by the production of fuels from the reaction of im
purities existing on the photocatalyst rather than from CO2 reduction 
[28], a series of processes were employed to purify the achieved mate
rials. Before main photoconversion, MOFs were subjected a second pu
rification step to remove impurities that could be converted to HCOOH 
or could interfere with the determination of HCOOH via ion chroma
tography (IC) by elution at the same retention time. 

For this, various cleaning methods described in Supplementary In
formation (SI) (Text S1) were analyzed, and finally, photopurification 
was chosen as the best method for eliminating impurities from the 
photocatalysts. For each CO2 photoconversion, 50 mg photocatalyst was 
suspended in a mixture of AcN and TEOA (9/1, v/v) with a total volume 
of 20 mL. Before each process, photopurification was performed for 2 h 
by continuously passing a N2 stream via the system. After photo
purification, the photocatalyst sample was centrifuged at 11,000 rpm 
followed by cleaning thrice with AcN. Thereafter, the purified photo
catalyst was resuspended in AcN and TEOA (9/1, v/v) followed by 
transfer to a reactor with a quartz window and sealing with a rubber 
septum. Then, the electrolyte containing the photocatalyst was satu
rated with CO2 by passing CO2 gas via the reactor for 30 min at a flow 
rate of 0.4 Lmin− 1. Subsequently, the reactor was positioned near the 
radiation source (a 1000 W Xe lamp, Oriel) with a GG420 cut-off filter (λ 
> 420 nm). Samples (1 mL) were obtained at 1-h intervals during 4 h of 
illumination. Additionally, photoprocesses were conducted using the 
same conditions (namely, under UV-Vis and Vis-light irradiations) under 
a N2 atmosphere and after CO2 saturation in the dark. Liquid products 
(such as HCOOH) were examined by IC. Furthermore, the gas phase was 
analyzed to investigate the generation of other photoconversion prod
ucts (including H2, CO, and CH3OH). The corresponding methodology is 
explained in SI (Text S2). 

For MOF_met_0.5%Cu, a photocatalytic stability test was performed 
for over three cycles. After each cycle, the material was centrifuged 
followed by cleaning three times with AcN and drying at 60 ◦C. Addi
tionally, for the analysis of the liquid sample after CO2 photoconversion, 
the sample was analyzed as a mixture of 150 mgr KBr with 15 μL of the 
test sample (a mixture of 150 mgr KBr and 15 μL of AcN/TEOA mixture, 
9/1, v/v, was used as a blank) using FTIR spectrometer (Nicolet iS5, 
Thermo Fisher). 

2.6. Action spectrum analysis 

Action spectrum measurements were conducted for MOF_met_0.5% 
Cu using the previously photopurified MOF_met_0.5%Cu (5 g) in a 2 mL 
solution of AcN/TEOA (9/1, v/v) saturated with CO2. The reaction 
mixture was irradiated at monochromatic wavelengths (380, 400, 420, 
440, 460, 480, and 500 nm) for 6 h. Light intensity was measured using 
an optical power meter (ILT2400, International Light Technologies). 
During the experiments, the reactor was maintained at 18 C̊, and the 
reaction mixture was continuously stirred. Liquid samples were exam
ined by IC to determine the HCOOH concentration. Apparent quantum 
efficiency (AQE) as a function of wavelength was calculated based on 
the ratio of the rate of electron consumption to the flux of incident 
photons by speculating that two photons were required according to 
reaction stoichiometry [29,30]. AQE (%) was evaluated as follows: 

AQE =
N × r

P
/

hc
λ

× 100%  

where N is the number of electrons needed to reduce CO2 to HCOOH, r 
represents the rate of production of HCOOH molecules (mol s− 1), P is the 

irradiation intensity (m W), h is the Planck constant (6.6261 × 10− 34 

J s), c denotes the speed of light in vacuum (2.998 × 108 m s− 1), and λ is 
the wavelength of light (m). 

2.7. Photoconversion study with 13CO2 

To confirm the formation of HCOOH via CO2 photoconversion, a 
study with isotopically labeled 13CO2 was performed using MOF_
met_0.5%Cu (12.5 mg) in 5 mL AcN-d6 under Vis-light irradiation (λ >
420 nm) for 10 h. The generated HCOOH was analyzed using 13C NMR 
spectroscopy and GC/MS. 13C NMR spectroscopy was conducted using a 
Bruker AVANCE III 700 MHz spectrometer, and undiluted liquid sam
ples after photoconversion were directly investigated by NMR spec
troscopy. To analyze HCOOH by GC/MS, derivatization was performed. 
For this, 1 mL liquid product was added to a glass vial (20 mL) con
taining 1 mL water with 0.1 mL concentrated H2SO4. Then, 1 mL 
ethanol was immediately introduced into the resulting mixture before 
analysis followed by heating at 80 ◦C under continuous stirring for 
10 min. The derivatized product ethyl formate was examined by head
space GC/MS (GC-2010 Plus and GCMS-QP2010 SE Gas Chromatograph 
Mass Spectrometer, Shimadzu) using a SH-Stabliwax column; He was 
used as the carrier gas (injection volume: 200 µL, column temperature: 
30 ◦C, purge flow: 3.0 mL min− 1, ion source temperature: 200 ◦C, and 
mass detection range: m/z 2–200). The entire mass spectrum and frag
ment ions at m/z of 74 and 75 (ethyl formate and ethyl [13C] formate) 
were analyzed. In all analyses, the photoconversion products of normal 
CO2 and standard solutions of HCOOH were investigated for 
comparison. 

Additionally, 1H NMR spectroscopy was conducted by a Bruker 
AVANCE III 700 MHz spectrometer. For this, liquid samples (10 µL) 
after photoconversion were added to a specific glass tube for NMR 
spectroscopy followed by the introduction of 0.5 mL DMSO-d6. 

2.8. Chemoinformatic analysis 

In this study, principal component (PC) analysis (PCA) and experi
mental results were utilized to categorize a set of Cu and Ag MOFs ac
cording to their structural similarities. Subsequently, PCA was 
performed to determine potential correlations between the structures of 
the synthesized NH2-MIL-125 (Ti)-based photocatalysts and their effi
ciencies in the photoreduction of CO2. 

PCA is a statistical technique commonly employed to simplify data 
by compression. This involves creating a new set of unrelated vectors 
from the initial dataset and examining the similarities between the 
investigated objects. In PCA, fresh variables, known as PCs, are formed 
as linear combinations of the original variables. The first PC accounts for 
the most significant portion of the variance in the original data matrix, 
whereas subsequent PCs explain the remaining unexplained variance. 
Essentially, each object in the original matrix is represented by a set of 
PCs rather than by original variables. With an increase in the number of 
PCs, the percentage of total variance explained decreases. Consequently, 
the number of PCs is typically substantially lower than that of the 
original variables because the total variance of the data is condensed 
into the initial PCs. Moreover, all PCs are orthogonal; that is, they are 
uncorrelated with each other, which is valuable during the analysis of 
potential similarities between objects. Thus, the information derived 
from an experimental study on the structures of chemicals was trans
lated into numerical variables (so-called descriptors). Then, structural 
representations defined by the descriptors of the Cu and Ag MOFs were 
demonstrated in a two-dimensional (2D) space described by the first and 
second PC, as indicated by a score plot. To attribute physical meaning to 
each PC, we adhered to Malinowski’s rule, considering only the con
tributions of descriptors with normalized loadings higher than 0.7 as 
significant. 

Additionally, 2D hierarchical clustering analysis (HCA) unsupervised 
machine learning based on connecting similarities between objects in 
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the space of physicochemical characteristics mapped on the descriptor 
values and Euclidean distances was established. 

3. Results and discussion 

3.1. Morphologies of pristine and modified MOFs 

Surface morphologies of the acquired materials were carefully 
examined. The obtained MOF particles exhibit octahedral shapes with 
sizes of 480 ± 153 nm. SEM images (Fig. S1a) reveal that the as-received 
pristine MOF comprises several impurities (e.g., reagent residues). 
Therefore, its purification included boiling in DMF at 155 ̊C for 5 h [27] 
and activation in MeOH for 3 days (Fig. S1b). Then, the material was 
heated in a vacuum dryer at 200 C̊ for 5 h (Fig. S1c) to evaporate re
sidual solvents. Figures S1d and e show the SEM images of the samples 
after cleaning in EtOH and AcN/TEOA; nevertheless, these methods 
were not ultimately selected. 

Fig. 1 depicts the SEM images of the purified MOF samples. Pristine 
MOF (Fig. 1a and S2) and all materials attained by post-synthetic 
methods (namely, met and pho) demonstrate octahedral structures 
with sizes in the range of 480 ± 153 nm. Ag and/or Cu modification of 
MOF by metalation induced small surface defects in the material (Fig. 1b 
and S2), and no metal NPs were observed. In the cases of MOF_pho_0.5% 
Ag (Fig. 1e and S2) and MOF_pho_0.5%Cu0.5%Ag (Fig. 1f and S2), 
spherical Ag NPs were generated on the MOF surfaces (Fig. 1), whereas 
NPs of copper oxides were detected in the cases of MOF_pho_0.5%Cu 
(Fig. 1c and S2) and MOF_pho_0.5%Cu0.5%Ag (Fig. 1f and S2). Sizes of 
the MOFs modified by incorporation were bigger than that of pristine 
MOF: 694 ± 174, 554 ± 116, and 637 ± 276 nm for MOF_inc_0.5%Cu 
(Fig. 1d and S2), MOF_inc_0.5%Ag, and MOF_inc_0.5%Cu0.5%Ag, 
respectively. 

3.2. Investigations of crystal structures, surface compositions, and optical 
properties via XRD, FTIR, ICP, DRS, and XPS 

XRD patterns of the pristine and modified MOFs in the 2θ range of 
2–40̊ are shown in Fig. 2 and S3. All materials exhibit high crystallinities 
with similar diffraction peaks at 2θ = 6.6, 9.4, 9.6, 11.5, 13.4, 14.8, 
15.2, 16.5, 17.8, 18.8, 19.4, 20.5, 21.6, 22.4, 23.3, 24.2, 24.8, 26.1, 
27.9, 29.5, 32.4, 33.8, and 34.2̊, typical signals for pristine MOF [6,11, 
26]. Peaks related to Ag NPs and Cu and Ag oxides were not noticed for 
all modified MOFs. The absence of peaks of these compounds is asso
ciated with their low concentrations in the fabricated materials [11]. 

FTIR spectra of the pristine and modified MOFs in the range of 
500–4000 cm− 1 are depicted in Fig. S4. The spectrum of pristine MOF 
(black line) reveals distinct peaks characteristic of the MOF structure: 
(1) typical vibrational bands in the 1400–1670 cm− 1 region associated 
with the amine group of 2-aminoterephthalic acid in the coordinated Ti 
structure [31], (2) signals at 450–770 cm− 1 corresponding to Ti-O vi
brations [31], and (3) signals at 2930–3620 cm− 1 attributed to the NH2 
group [31]. FTIR spectra of the samples modified with Ag demonstrate 
characteristic signals of Ag-N bonds at 679 cm− 1 (pink arrow) [32] and 
Ag-O at 506 cm− 1 (blue arrow) [33]. In the spectrum of MOF modified 
with Cu, signals at 956 and 1054 cm− 1 corresponding to the Cu-N bond 
(red arrow) are observed [34]. 

ICP results are presented in Table S1. Predicted and actual amounts 
of metals in the post-synthetically modified Ag and Cu samples (that is, 
met and pho samples) are slightly different. The amount of Cu in 
MOF_inc_0.5%Cu is 0.15 wt%, whereas the amount of Ag in 
MOF_inc_0.5%Ag is 0.13 wt%. Lowest amounts of these metals are 
noticed for MOF_inc_0.5%Cu0.5%Ag, in which the contents of Ag and Cu 
are 0.07 and 0.04 wt%, respectively. The amounts of metals in the 
modified samples obtained by Ag and Cu inc are significantly lower than 
the estimated amounts. Because of MOF synthesis, the incorporations of 
Ag+ and Cu2+ into the MOF structure were supposed to be unsuccessful, 
forming a small amount of mixed SBUs together with Ti4+. 

Figure S8a shows the corresponding solid-state UV-Vis absorbance 
spectra acquired via DRS for all the prepared samples in the range of 
300–800 nm. The spectra of both pristine and modified MOFs exhibit a 
maximum absorption peak at 386 nm. Using the Kubelka-Munk trans
formation, the energy gap for pristine MOF was determined to be 
2.76 eV, which is in agreement with that reported in the literature 
(Fig. S8b) [11,16]. Each modification of MOF with Ag, Cu, and Ag and 
Cu decreased the irradiation absorbance in the UV range and increased 
the irradiation absorbance in the Vis range, which was consistent with 
the findings reported in the literature [26]. Furthermore, the signal at 
700 nm observed in the spectrum of MOF_inc_0.5%Ag may be related to 
the presence of plasmons arising from Ag NPs on the MOF surface [35]. 

Owing to the semiconducting properties of MOFs, the PL properties 
of the fabricated materials were investigated. Based on the PL spectra, 
the recombination rate and types of electron transitions after excitation 
were compared. Recombination of excited electrons is slower if the PL 
maxima demonstrates low intensity [36]. Figure S9 depicts the PL 
spectra in the range of 300–700 nm (λex = 300 nm) for the obtained 
MOFs. The red line represents the PL spectrum of pristine MOF, which is 
characterized by two strong emission peaks at 458 and 500 nm. During 
excitation by electromagnetic radiation, electrons from the HOMO level 
of the nitrogen atom (n, p) are excited to the LUMO level of the C-O bond 
(π*), followed by a transition to coordinated Ti structures (Ti 3d).The 
emission is initiated by recombination of excited electrons present at the 
Ti3d level with the resulting holes present at the HOMO level of the 
nitrogen atom as shown in Figure S9b [37]. Modifications of MOFs with 
Cu, Ag, or Cu and Ag decrease the PL intensity, which is in agreement 
with previous studies, implying slower recombination of reactive elec
tron–hole pairs [38,39]. The highest decrease was noticed when Ag was 
employed for MOF modification regardless of the method used. Slowest 
recombination of electron–hole pairs implied by the lowest PL intensity 
was observed for MOFs modified by photodeposition. 

XPS was performed to evaluate the presence and chemical states of 
elements (Fig. S10 and Table S3). The main point of interest was the 
estimation of the chemical states and possible bonding of Cu and Ag 
depending on the kind of sample modification. Cu2p and Ag3d spectra 
were recorded for Cu and Ag, respectively. Standard survey spectrum for 
MOF_pho_0.5%Cu0.5%Ag is shown in Fig. S11. 

In all the examined samples, the contents of Cu and Ag are sub
stantially low (approximately 0.2–0.4 at%) and these contents are 
particularly low (below 0.1 at%) in case of the inc modification. XPS 
results and literature analysis revealed the way Cu2+ and Ag+ were 
connected to MOF. In the cases of the samples modified by metalation, 
Cu2p3 peak is obtained at the binding energy (BE) of 933.1 eV, whereas 
that of Ag3d5 is acquired at a BE of 368.5 eV. These BEs are less typical 
for the oxidized compounds of Cu and Ag [40], and the metal ions 
probably coordinate with the amine groups of the linker 2-aminotereph
thalic acid, affording MOF_met [41,42]. For the photodeposited sam
ples, the position of the Cu2p3 peak (at a BE of approximately 932.8 eV) 
suggests that Cu forms copper (I) oxide [43] on the MOF surface [44,45]. 
However, the results for the Ag modification of MOF are mixed. The 
Ag3d5 peak is observed both above and below 368 eV BE, which in
dicates that aside from silver oxide [40], metallic Ag or bonding similar 
to that in the metalation samples may be present. 

As mentioned earlier, in the case of incorporation modification, the 
Cu and Ag concentrations in the samples are low, complicating the 
evaluation of element bonding. Nevertheless, considering the positions 
of Cu2p3 (932.6 eV) and Ag3d5 (368.4 eV) peaks and literature data 
[26], we propose that metal ions are incorporated into the MOF crystal 
lattice (SBU). For MOF_inc_0.5%Ag, the signals are located above 
368 eV, suggesting the existence of metallic Ag or organic complexes. 
XPS results and literature analysis indicated the possible mode of 
interaction of Cu2+ with MOFs (Fig. 3). In metalation, Cu and Ag pre
sumably connect to the material via a coordination bond with the linker 
amino groups. In incorporation, Cu and Ag are incorporated into the 
structures of SBUs of MOFs, whereas when Ag is incorporated into SBUs 
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Fig. 1. STEM images with EDS mappings for (a) MOF (pristine NH2-MIL-125 (Ti)), (b) MOF_met_0.5%Cu, (c) MOF_pho_0.5%Cu, (d) MOF_inc_0.5%Cu, (e) MOF_
pho_0.5%Ag, and (f) MOF_pho_0.5%Cu0.5%Ag. 
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of MOFs, Ag0 NPs are formed. In pho, copper(I) oxide or Ag2O/Ag NPs 
are generated. 

3.3. Sorption properties 

Specific BET surface areas and CO2 sorption capacities of pristine 
MOFs depend on the purification and activation methods (Table S2). 
MOF before the first step of purification exhibits a surface area of 868 m2 

g− 1 and CO2 sorption capacity of 1.02 mmol g− 1, which is similar to 
those reported in previous studies [11,16]. After purification of MOF in 
boiling DMF followed by three-day activation in MeOH and drying at 
200 ◦C under vacuum, the surface area and CO2 sorption capacity 
increased to 1376 m2 g− 1 and 6.16 mmol g− 1, respectively. Lower BET 
surface area and CO2 sorption capacity are observed in the case of 
non-purified MOF because of the presence of post-synthesis contami
nants including unreacted precursors, which can be noticed in the SEM 
images of the MOF samples (Fig. S1a). BET surface areas, CO2 sorption 
capacities, and pore characteristics of pristine MOF and MOFs modified 
with Ag and/or Cu are provided in Table 3. Additionally, N2 and CO2 
sorption isotherms are depicted in Fig. S5 and S6. For all samples, the 
adsorption–desorption of N2 was examined, and the isotherm demon
strates a type I shape. BET surface areas and CO2 sorption capacities of 
modified MOFs with 0.5 wt% metal were lower than those of pristine 
MOFs. The highest decrease in the BET surface area is observed for the 
Ag-modified samples, which is probably caused by the existence of a 

Fig. 2. X-ray diffraction (XRD) patterns of the MOF samples in the 2θ range 
of 2–40̊. 

Fig. 3. Schematic models of Cu2+-modified MOFs and the corresponding binding sites.  

Table 3 
CO2 sorption capacities under ~1 bar (p/p0: ~0.97), BET surface areas, and pore characteristics of pristine and modified MOFs.  

Sample name CO2 sorption (mmol 
g¡1) 

BET Surface Area 
(m2g¡1) 

Pore Volume at p/p0 ¼ 0.99 
(cm3g¡1) 

The most frequent pore 
diameter (nm) 

Median pore diameter 
(nm) 

MOF  6.16  1376  0.65  0.45  0.53 
MOF_met_0.5%Cu  4.15  1323  0.66  0.47  0.53 
MOF_met_0.25%Cu  4.20  1395  0.64  0.52  0.54 
MOF_met_1.0%Cu  3.84  1402  0.76  0.39  0.43 
MOF_met_0.5%Ag  4.08  924  0.57  0.46  0.52 
MOF_met_0.5%Cu0.5% 

Ag  
4.85  1096  0.52  0.43  0.47 

MOF_pho_0.5%Cu  4.19  1346  0.68  0.36  0.43 
MOF_pho_0.5%Ag  4.74  1218  0.60  0.46  0.53 
MOF_pho_0.5%Cu0.5% 

Ag  
4.34  933  0.62  0.49  0.55 

MOF_inc_0.5%Cu  3.26  1160  0.54  0.42  0.44 
MOF_inc_0.5%Ag  3.78  969  0.65  0.47  0.54 
MOF_inc_0.5%Cu0.5% 

Ag  
3.94  1000  0.66  0.47  0.54  
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large Ag atom (or Ag compounds) inside the structures or on the surfaces 
of MOFs. For Cu-modified MOFs, the BET surface areas were slightly 
lower than that of pristine MOF, which were 1323, 1346, and 
1160 m2g− 1 for MOF_met_0.5%Cu, MOF_pho_0.5%Cu, and 
MOF_inc_0.5%Cu, respectively. Moreover, the CO2 sorption capacities of 
the same samples were significantly lower than that of pristine MOF, 
which were 4.15, 4.19, and 3.26 mmol g− 1 for MOF_met_0.5%Cu, 
MOF_pho_0.5%Cu, and MOF_inc_0.5%Cu, respectively. The consider
ably low sorption capacity and BET surface area of MOF_inc_0.5%Cu 
may be related to the structural changes induced by the presence of Cu. 
Furthermore, the CO2 sorption capacities decreased with an increase in 
the amounts of Cu in MOFs modified by metalation. The CO2 sorption 
capacities for MOFs comprising 0.25, 0.5, and 1.0 wt% Cu were similar 
(4.20, 4.15, and 3.84 mmol g− 1, respectively). The decrease in the CO2 
sorption capacity with an increase in the amounts of Cu in MOFs may be 
ascribed to the binding of Cu to the N atom of the amino group (Fig. 3), 
thus blocking its CO2-binding properties. Comparison of the CO2 sorp
tion capacities of MOFs modified by different methods reveals that 
MOFs modulated by inc exhibit the lowest CO2 sorption capacities. Pore 
volume and diameter of pristine MOF were 0.65 cm3 g− 1 and 0.45 nm, 
respectively. No significant differences were noticed between the pore 
volumes and diameters of Ag- and Cu-modified samples. Heats of 
adsorption were determined for pristine MOF and MOFs modified with 
Ag and/or Cu based on the CO2 adsorption–desorption isotherms at 223 
and 298 K (Fig. S7b). Heat of adsorption decreased in the CO2 dose 
range of 25–90 cm3 g− 1 for all tested samples (except for MOF_inc_0.5% 
Cu0.5%Ag). Cu-modified MOF demonstrates the highest heat of 
adsorption regardless of the modification method. Heat of adsorption for 
MOF_met_0.5%Cu is 19.52 kJ mol− 1 on average, whereas those for 
MOF_pho_0.5%Cu and MOF_inc_0.5%Cu are 16.93 and 10.94 kJ mol− 1, 
respectively. Temperature-dependent characterization of CO2 sorption 
capacity for MOF_met_0.5%Cu (Fig. S7a) indicates that the CO2 sorption 
capacity decreases from 12.8 to 4.15 mmol g− 1 with an increase in 
temperature from 223 to 298 K. 

3.4. Photocatalytic conversion of CO2 

3.4.1. MOF purification methods (initial step of photocatalytic conversion) 
Preliminary studies of the photoconversion of CO2 to HCOOH were 

conducted using pristine MOF as a photocatalyst and a solution of AcN 
with 10% TEOA as an electrolyte. Suspension of MOF (acquired after the 
first purification step) in the electrolyte solution was purged with CO2 
for 30 min, and then, 4-h photoconversion under UV-Vis irradiation was 
initiated. To verify that HCOOH was produced from CO2, a blank test 
was performed by purging the MOF solution with N2 instead of CO2. The 
results shown in Fig. S12 reveal negligible difference between the 
amounts of HCOOH generated after 4 h of irradiation under N2 (279 
µmol g− 1) and CO2 (289 µmol g− 1) atmospheres. Signals corresponding 
to HCOOH detected in the IC chromatograms in the case of N2 may have 
originated from the unreacted precursors adsorbed on the pores of MOF 
and formed in the results of DMF decomposition during synthesis or first 
step of purification [4]. Therefore, herein, several MOF purification 
methods were analyzed, and after each method, the generation of 
HCOOH under a N2 atmosphere via a 2-h process under UV-Vis irradi
ation was examined (Fig. S13). Although 24-h purification of MOF by 
shaking it in AcN, AcN/TEOA, or EtOH reduced HCOOH production, the 
amount of generated HCOOH was still in the range of 139–174 µmol g− 1. 
The best results were obtained when MOF was purified in the electrolyte 
(AcN with 10% TEOA) for 2 h under UV-Vis irradiation (photo
purification), which reduced the amount of produced HCOOH to below 
10 µmol g− 1. Consequently, before each photocatalytic process, MOF 
was subjected to photopurification (that is, the second step of purifica
tion and initial step of photocatalytic conversion). 

3.4.2. CO2 photoconversion by pristine and modified MOFs 
CO2 photoconversion efficiencies of pristine MOF (after 

photopurification) under a CO2 atmosphere after 4 h of reaction were 
85.2 and 53.6 µmol g− 1 under UV-Vis and Vis-light irradiations, 
respectively (Fig. S14). In contrast, under a N2 atmosphere, generating 
formic acid were 5.6 and 2.7 µmol g− 1. For reference, the electrolyte 
solution under N2 and CO2 atmospheres was separately irradiated with 
UV-Vis, and in both cases, no HCOOH was generated. Catalytic forma
tion of HCOOH in the absence of light was also not detected. Addi
tionally, the production of gaseous products (H2, CO, and CH4) during 
photoconversion was investigated, and no significant amounts of these 
products were observed.  

Fig. 5 depicts the kinetics of HCOOH generation under Vis-light 
irradiation using MOFs modified with Cu, Ag, and both metals via the 
three methods. Highest photoconversion efficiency (120.4 µmol g− 1 in 
4 h) was acquired for MOF_met_0.5%Cu. Lower photoconversion effi
ciencies (105.0 and 71.8 µmol g− 1) were obtained for MOF_pho_0.5%Cu 
and MOF_inc_0.5%Cu, respectively. HCOOH generation efficiencies 
were slightly higher for MOFs modified with Ag by metalation and 
photodeposition. However, the HCOOH generation efficiency of 
MOF_inc_0.5%Ag was lower than that of pristine MOF. Moreover, the 
HCOOH generation efficiency of MOF_pho_0.5%Cu0.5%Ag was lower 
(35.6 µmol g− 1) than that of pristine MOF. The low HCOOH production 
efficiency can potentially be attributed to the formation of Ag NPs on the 
MOF surface. This occurrence arises from the low Fermi levels of Ag NPs, 
leading to the confinement of accumulated electrons in the LUMO band 
of MOF or Cu2O. Consequently, the recombination of electrons and holes 
is effectively suppressed, as evidenced by the PL spectra shown in 
Fig. S13 [46]. Nevertheless, this process simultaneously impedes the 
reduction of CO2 because the electrons do not rapidly reduce CO2 and 
are instead accumulated in Ag NPs. 

CO2 photoreduction efficiency of MOF_met_0.5%Cu is similar to that 
of Co/NH2-MIL-125 (Ti), which was obtained by Fu et al. [13] and 
examined under similar photochemical conditions (38.4 µmol h− 1 gcat

− 1 

yield). Additional literature reports the use of MOF or modified MOF 
under different photoreduction conditions (radiation- and 
solution-based conditions). Chen et al. [14] synthesized NH2-MIL-125 
(Ti/Ni), which resulted in a total efficiency of 5.75 µmol h− 1 gcat

− 1 (CO, 
CH4, and H2) when exposed to radiation with λ > 350 nm; furthermore, 
Cheng et al. [16] obtained a pristine MOF that generated a total of 9.26 
µmol h− 1 gcat

− 1 products (CO and CH4) when exposed to simulated sun
light using filter AM 1.5 G. In addition, the resulting material shows 
better performance photoreduction of CO2 compared to other MOFs 
tested under similar exposure conditions, for example with PCN-222 
(H2) [47] and NH2-UiO-66[48]. Potentially, some MOFs encapsulated 
in a conductive membrane or deposited on a conductive layer could 
serve as a catalyst for photoelectroreduction [49,50] or electroreduction 
reactions [51–54] of CO2 to acids and alcohols as previous studies show. 
However, although the use of MOFs in photoeletroreduction or elec
troreduction processes can boost the efficiency of product generation, 
these technologies require application of voltage, and therefore more 
energy consuming and expensive. 

For MOF modification, selecting an appropriate amount of modifier 
is important. Therefore, the effect of the Cu amount in the range of 
0.25–1 wt% used for MOF modification by metalation on the HCOOH 
generation efficiency was analyzed (Fig. S15). For MOF_met_0.25%Cu 
and MOF_met_1.0%Cu, the efficiencies of CO2 photoconversion to 
HCOOH in 4 h are 41.6 and 81.2 µmol g− 1, respectively, which are 
considerably lower than that of MOF_met_0.5%Cu. These efficiencies are 
significantly lower than that of NH2-MIL-125 (Ti) metallized with Co 
(2% wt.), which exhibits the highest HCOOH production efficiency [16]. 
In contrast, Ao et al. [26] modified NH2-MIL-125 (Ti) with Cu via an 
incorporation method. The incorporation of 1.5 wt% Cu into the MOF 
material resulted in the highest efficiency for the photodegradation of 
methyl blue and phenol under Vis-light irradiation. 

Note that the HCOOH generation efficiency is related to the heat of 
CO2 adsorption by pristine and metallized MOFs. The highest heat of 
adsorption is detected for MOF_met_0.5%Cu (19.5 kJ mol− 1), which 
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demonstrates the highest HCOOH production efficiency. Substantially 
lower heats of adsorption are observed for MOF, MOF_met_0.25%Cu, 
and MOF_met_1.0%Cu (14.6, 15.2, and 16.6 kJ mol− 1, respectively), 
leading to lower CO2 photoconversion efficiencies. Generally, a positive 
heat of adsorption indicates that the CO2 molecules adsorbed on the 
MOF surface release heat. The stronger the bond between CO2 and MOF, 
the more the energy released and the more the energy needed to desorb 
CO2 from the MOF surface [55]. Therefore, the stronger the bonding of 
CO2 to the MOF surface, the easier the conversion of CO2 to HCOOH. 

Additionally, some studies [56,57] have revealed that the efficiency 
of CO2 photoreduction to hydrocarbons strictly depends on CO2 sorption 
by the photocatalyst, which is the primary component responsible for 
sorption [57]. In this study, no correlation was noticed between the CO2 
photoreduction efficiency and CO2 sorption capacity. Pristine MOF ex
hibits a CO2 sorption capacity of 6.16 mmol g− 1, which decreases to 
4.15 mmol g− 1 for the most photoactive sample MOF_met_0.5%Cu. The 

lack of correlation between the CO2 sorption capacity and photo
conversion efficiency of MOF stems from the fact that photoconversion 
was conducted in an electrolyte consisting of AcN and TEOA, where 
TEOA demonstrates strong CO2 sorption properties (~1.1 mol 
CO2/TEOA mol− 1) [58]. Thus, TEOA can substantially increase the CO2 
sorption capacities of solutions by forming hydroxy carbonates 
(TEOA-HCO3

- ) [59]. Consequently, the contributions of MOF-type ma
terials dispersed in AcN/TEOA to CO2 sorption may be insignificant. For 
the tested system, MOF_met_0.5%Cu (50 mg) theoretically sorbed 
0.2 mmol CO2, whereas TEOA (2 mL) sorbed 16.7 mmol CO2. 

3.4.3. Photocatalytic stability test 
Photocatalytic stability of MOF_met_0.5%Cu was investigated during 

3 cycles of CO2 photoconversion to HCOOH under Vis-light irradiation 
(λ > 420 nm), and the results are depicted in Fig. 5. Efficiency of CO2 
reduction to HCOOH in the first cycle is 30.1 µmol g− 1 h− 1 and remains 
at similar levels (with a slight increase) in the subsequent cycles, 
reaching 38.5 and 35.3 µmol g− 1 h− 1 in the second and third cycles, 
respectively. XRD patterns of pristine MOF and MOF_met_0.5%Cu 
before and after photocatalytic processes are shown in Fig. S16. In the 
XRD pattern of MOF_met_0.5%Cu, a slight decrease signal intensity at 7̊
with no change in the number or shift of reflections can be observed. 
Furthermore, SEM images were acquired, which confirm the unchanged 
structure of the material, indicating its high stability. 

3.4.4. Mechanism of CO2 photoconversion 
To verify the formation of HCOOH from CO2 via photoconversion 

using MOF_met_0.5%Cu, studies were performed using isotopically 
labeled [13C] 13CO2 instead of CO2. Analysis of the isotopically labeled 
products in the obtained samples by 13C NMR and 1H NMR spectros
copies and headspace GC/MS confirmed the photoconversion of CO2 to 
HCOOH. Photoconversion using 13CO2 was conducted in a small reactor, 
in which 12.5 mg MOF_met_0.5%Cu was suspended in a 5 mL solution of 
TEOA (10%) in AcN-d6. The resulting system was saturated with 13CO2 
and subjected to Vis-light irradiation (λ > 420 nm) for 10 h. The cor
responding 13C NMR spectra are shown in Fig. 6. Clear signals arising 
from dissolved 13CO2 (126 ppm) and H13CO3

- (159 ppm) present in the 

Fig. 4. HCOOH generation by the photoconversion of CO2 under Vis-light irradiation (λ > 420 nm) using MOFs modified with Cu, Ag, and both metals via a) 
metalation, b) photodeposition, and c) incorporation. 

Fig. 5. Efficiency of HCOOH generation over MOF_met_0.5%_Cu during three 
cycles of CO2 photoconversion to HCOOH under Vis-light irradiation (λ 
> 420 nm). 
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electrolyte and photoreduced H13COO- (165 ppm) can be noticed [13, 
60]. Note that when non-isotopic CO2 was employed in the process, 
these signals were not observed. Additionally, 1H NMR studies were 
performed on the electrolyte solution, on the HCOOH standard solution, 
and after 2 h of CO2 photoconversion and photoprocessing under a N2 
atmosphere to identify protons in HCOOH. Results (Fig. S17) reveal an 
evident signal at 9.62 ppm corresponding to H in HCOOH formed during 
the photoconversion of CO2, whereas this signal is absent in the spec
trum of the sample produced via photoprocessing under a N2 
atmosphere. 

The second technique employed to verify HCOOH formation from 
CO2 was headspace GC/MS. Before actual GC/MS of HCOOH acquired 
from the sample, derivatization was conducted using ethanol [61]. 
During derivatization, the main reaction was the esterification of 
HCOOH with ethanol to form ethyl formate (Eq. 1). Moreover, because 
of heating and the presence of sulfuric acid as an esterification catalyst, 
side reactions can occur: oxidation of ethanol to acetic acid (Eq. 2), 
esterification of acetic acid to ethyl acetate (Eq. 3), or generation of ethyl 
ether (Eq. 4) [61–64].  

HCOOH + C2H5OH → HCOOC2H5 + H2O                                       (1)  

2 C2H5OH + O2 → 2 CH3COOH                                                       (2)  

CH3COOH + C2H5OH → CH3COOC2H5 + H2O                                 (3)  

C2H5OH + C2H5OH → C2H5OC2H5 + H2O                                        (4) 

Figure S18 depicts the extracted chromatograms of m/z 74 and 75 
corresponding to the molar masses of ethyl formate and ethyl 13C- 
formate, respectively [61,65]. Strong signals of m/z 74 can be noticed 
for the standard HCOOH solution (Fig. S18b) and CO2 photoconversion 
products (Fig. S18c); in contrast, an intense signal of m/z 75 can be 
observed for the products generated via 13CO2 photoconversion 

(Fig. S18d), whereas no signals of m/z 74 and 75 are detected for the 
pure electrolyte (AcN/TEOA) (Fig. S18a). Mass spectra of the HCOOH 
standard solution and products acquired from the photoconversion of 
CO2 and 13CO2 are shown in Fig. S19 [65]. These spectra clearly confirm 
that HCOOH is produced by the photoreduction of CO2. 

Figures S18c and d depict additional signals arising from ethyl ace
tate and ethyl ethanoate, which may have originated from the side re
actions of ethanol (Eqs. 2–4). 

Mechanism of CO2 photoconversion to HCOOH using MOF_
met_0.5%Cu was proposed (Fig. 7a). In the first step, CO2 is probably 
adsorbed by MOF and TEOA. Under Vis-light irradiation, MOF is excited 
and e-/h+ pairs are created in LUMO and HOMO, respectively. Next, CO2 
adsorbed on the pores and MOF surface are directly reduced to COȮ- by 
electrons. Simultaneously, the oxidation of TEOA by h+ affords acetal
dehyde and H+ [11], and CO2 adsorbed by TEOA is released. COȮ- reacts 
with H+, forming HCO2̇, which is converted to HCOOH using e- and H+

in the next step [66,67]. 
In addition, the presence of formic acid was confirmed after 4 h of 

CO2 photoconversion using MOF_met_0.5%Cu under visible light by 
FTIR analysis (Figure S20). Characteristic stretching vibration bands (νs) 
of O-H bonds at 2945 and 2816 cm− 1, C-H at 2888 cm− 1, C––O at 
1657 cm− 1, C-O at 1146 cm− 1, and bending vibration band (νb) of O-H 
bonds at 887 cm− 1 and O-C-O at 563 cm− 1, characteristic of HCOOH, 
can be observed [68] 

Proposed excitation mechanisms of MOF, MOF_met_0.5%Cu, 
MOF_inc_0.5%Cu, and MOF_pho_0.5%Cu are shown in Fig. 7b. HOMO 
potentials and energy gaps for pristine MOF, MOF_met_0.5%Cu, and 
MOF_inc_0.5%Cu were calculated from the XPS results and the Kubelka- 
Munk transformation of the DRS plot, respectively. Due to the composite 
nature of MOF_pho_0.5%Cu (MOF with Cu2O), the energy gap for the 
MOF part was acquired from pristine MOF, whereas that for Cu2O was 
obtained from literature data [69]. HOMO potentials for MOF and 
MOF_inc_0.5%Cu were 2.12 and 2.07 V and energy gaps 2.76 and 

Fig. 6. 13C NMR spectra of the products obtained via photoconversion using [13C] CO2 and 12.5 mg MOF_met_0.5%Cu for 10 h in 5 mL AcN/TEOA under Vis-light 
irradiation. 
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2.70 eV, respectively. This indicates that the LUMO potentials of MOF 
and MOF_inc_0.5%Cu reach − 0.64 and − 0.63 V, respectively. These 
values are slightly higher than the CO2/HCOOH reduction potential 
(-0.61 V). The small difference between the CO2/HCOOH reduction 
overpotential and LUMO band potential may have a definite impact on 
the low efficiency of CO2 conversion to HCOOH (58.6 and 71.8 µmol 
g− 1) when the photocatalyst is excited with Vis-light radiation (λ >
420 nm) [26]. Compared to MOF, MOF_inc_0.5%Cu and MOF_pho_0.5% 
Cu, MOF_met_0.5%Cu demonstrates the highest HCOOH generation ef
ficiency (120.4 µmol g− 1) with a significantly lower energy gap of 
2.57 eV and a LUMO potential of 0.77 V, effectively affecting the CO2 
photoconversion efficiency. Persistently high CO2 photoconversion ef
ficiency of MOF_pho_0.5%Cu (105 µmol g− 1) may be ascribed to the 
possible charge transfer from LUMO of MOF to the conduction band of 
Cu2O with higher reduction potential than the LUMO potential [69]. 

AQE is an important parameter that describes the photoactivities of 
materials under irradiation with a selected wavelength range; however, 
information on AQEs of MOFs is lacking. AQEs of MOF_0.5%Cu in the 
wavelength range of 380–500 nm (action spectra analysis) are shown in  
Fig. 8 and Table S4. Highest AQE of 1.18% was obtained for the reaction 
conducted at 380 nm. AQE decreases with an increase in the applied 
wavelength, which appropriately corresponds with the absorption 
spectrum of the investigated photocatalyst MOF_met_0.5%Cu. Note that 
AQEs at 400, 420, and 440 nm are still similar (0.98, 0.83, and 0.75%, 
respectively). Comparing the acquired results with literature data is 
difficult because of the lack of information on these MOFs. In the case of 
NH2-UiO-66 containing Ir single atoms, AQE of CO2 reduction to 
HCOOH reaches 2.51% at 420 nm [70]. The yield of the as-prepared 
sample is also lower than that of the selected semiconductor materials, 
e.g., 3% for CuO-Pd/HxMoO3-y in the conversion of CO2 to CO at 600 nm 
[71] and 5.23% for CoDAC-3.5 in the transformation of CO2 to methane 
at 400 nm [72]. 

3.5. Structural similarity 

In this study, the PCA approach was adopted to group the MOFs 
separately modified with Cu, Ag, and a combination of both metals 
based on their structural similarities and then to search for suggestions 
on possible relationships between MOF-based structures and their 
HCOOH production efficiencies. 

For PCA, a hybrid MOF modified with Cu, Ag, or a combination of Cu 
and Ag was explored in the space of structural descriptors derived from 
experimental studies (Table 3). First two PCs (PC1 and PC2) accounted 
for 53.6% (27.6% from PC1 and 26.2% from PC2) of the total variance in 

Fig. 7. (a) Proposed pathway of CO2 photoreduction by MOF in TEOA/AcN and (b) proposed mechanism of excitation under visible-light irradiation of MOF, 
MOF_met_0.5%Cu, MOF_inc_0.5%Cu, and MOF_pho_0.5%Cu [26,60]. 
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Fig. 8. AQEs for MOF_met_0.5%Cu obtained under monochromatic irradiation 
with wavelength in the range of 380–480 nm. 

M.A. Baluk et al.                                                                                                                                                                                                                                

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Applied Catalysis B: Environment and Energy 354 (2024) 124107

12

the dataset. As discussed in Section 2.8, a physical interpretation can be 
attributed to a specific PC by considering the contributions of the orig
inal descriptors to that PC, as indicated by their loading values (only the 
contributions of descriptors with normalized loadings higher than 0.7 
are significant). We speculated that the objects, i.e., MOF modified with 
Cu, Ag, or a combination of Cu and Ag, located close to each other in the 
plot were structurally similar (Fig. 9). Thus, we distinguished three 
primary groups (A, B, and C) with similar structures among PC1 (Fig. 9) 
and three main groups (D, E, and F) among PC2 (Fig. 9). Thereafter, the 
structures that belonged to the six primary groups were transferred into 
a range scale of their photocatalytic activities, where the ranges corre
sponded to the standardized HCOOH generation efficiencies after 4 h 
(µmolg− 1) of photoconversion under Vis-light irradiation (Fig. S21). 
Thus, structurally similar MOFs exhibit the same range of activities (the 
same color of plot dots) that prove the correlation between the structure 
and HCOOH production efficiency (Fig. 9 and S21). The samples can be 
concluded to demonstrate different at% Ti in XPS study (XPS Ti), at%C 
in XPS study (XPS C) and at%O in XPS study (XPS O), and absorbances at 
380 nm (Fig. 9 and S20). In addition to the loading values (Fig. S20), 
PC2 represents BET surface areas, pore volumes, XPS Ag, and XPS Cu of 
the investigated MOF structures. 

Group A comprises MOF_inc_0.5%Ag, which exhibits the highest XPS 
O and Ti (at%) and the lowest XPS C and absorbance at 380 nm. Then, 
Group C that contains MOF_inc_0.5%Ag0.5%Cu demonstrates the 
highest absorbance at 380 nm and XPS C and the lowest XPS O and Ti (at 
%). In contrast, Group B consists of the rest of MOFs that exhibit simi
larities in the context of XPS O, XPS Ti, XPS C, and absorbance at 380 nm 
(at%). In the case of PC2, three groups with similar structures are 
observed (Fig. 9). Group D comprises MOF_met_0.5%Cu, MOF_
met_0.25%Cu, MOF_met_1.0%Cu, MOF_pho_0.5%Cu, MOF_inc_0.5%Cu, 
and MOF_inc_0.5%Cu0.5%Ag. Group D demonstrates the lowest BET 
surface area (m2 g− 1) and pore volume (cm3 g− 1) and the highest XPS Ag 
(at%). Group E contains MOF_met_0.5%Cu, MOF_met_0.25%Cu, MOF_
met_1.0%Cu, MOF_pho_0.5%Cu, MOF_inc_0.5%Cu, and MOF_inc_0.5% 
Cu0.5%Ag. Group E (Fig. 9, S20, and S21) exhibits an average BET 

surface area and pore volume and higher XPS Cu (at%) than that of 
Group D. Nevertheless, the most active group of structures among PC2 
consists of MOF_pho_0.5%Cu and MOF_met_0.5%Cu. The most active 
samples are represented by the highest BET surface areas and pore 
volumes and high XPS Cu (at%) when compared with those of Group D 
and E (Fig. 9, S20, and S21). Similar results are achieved via 2D HCA 
(Fig. S22). 

4. Conclusions 

In summary, herein, after examining three ways, i.e. metalation, 
photodeposition, and incorporation, of modifying NH2-MIL-125 (Ti) 
with Cu and Ag, the introduction of Cu into NH2-MIL-125 (Ti) by met
alation is discovered to be the most beneficial for CO2-to-HCOOH pho
toconversion; this implies that the abovementioned method is the 
simplest, fastest, and most effective approach for NH2-MIL-125 (Ti) 
modification. Advanced analyses by STEM-EDS, XPS, and FTIR spec
troscopy reveal that (i) the metal is bound to free amine groups by co
ordination bonds after metalation, (ii) the metal is incorporated into 
SBUs after incorporation, and (iii) the metal exists in the form of metal 
oxide NPs on the MOF surface after photodeposition. 

The way of Cu introduction into MOFs affected the efficiency of CO2 
photoconversion into HCOOH under Vis-light irradiation (>420 nm) in 
the following order: metalation (30.1 μmol⋅g− 1⋅h− 1) > photodeposition 
(26.25 μmol⋅g− 1⋅h− 1) > incorporation into SBU (17.95 μmol⋅g− 1⋅h− 1). 
During metalation, the amount of Cu ions used for MOF modification 
was varied from 0.25 to 1 wt% with respect to the mass of MOF, and the 
optimal amount of Cu ions was discovered to be 0.5 wt%. Addition of 
0.5 wt% Cu2+ to NH2-MIL-125 (Ti) suspended in AcN resulted in MOF 
with 0.33 wt% Cu (MOF_met_0.5%Cu), as determined by ICP. Photo
activity of MOF_met_0.5%Cu was more than twice that of pristine MOF, 
and this sample maintained its efficiency and crystal structure without 
any visible changes during the three consecutive cycles of HCOOH 
generation. Furthermore, MOF_met_0.5%Cu exhibited the highest heat 
of CO2 adsorption as compared to those of pristine MOF and MOFs 

Fig. 9. Score plots obtained via the two principal component analyses performed for NH2-MIL-125 (Ti)-based photocatalysts. Pink color represents the HCOOH 
generation efficiency under visible-light irradiation. 
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metalized with Cu in other amounts; this may lead to the conclusion that 
the stronger binding of CO2 to the MOF surface facilitates the conversion 
of CO2 to HCOOH. Existence of complexed Cu in metalized NH2-MIL-125 
(Ti) was confirmed by STEM-EDS, FTIR spectroscopy (956 and 
1054 cm− 1 bands attributed to the presence of Cu-N bond were detected 
in the FTIR spectra) and XPS (BE = 933.1 eV for Cu2p3 probably arising 
from the existence of metal ions coordinates). 

Finally, we can conclude that the high photocatalytic activity 
observed for Cu-modified NH2-MIL-125 can be ascribed to (i) an 
augmentation in the heat of CO2 adsorption, (ii) deceleration in the 
recombination of excited electrons, and (iii) an increase in the over
potentials of the LUMO bands. To verify that the detected HCOOH 
originated from CO2 photoconversion, 13CO2 as a reagent, 13C NMR 
spectroscopy, and headspace GC/MS have been employed. Experimental 
investigations were also supported by PCA to determine the possible 
relationships between the MOF-based structures and their HCOOH 
production efficiencies. PCA suggests that both the amount of Cu and 
specific surface area are key parameters in the case of modified NH2- 
MIL-125 (Ti) employed for CO2-to-HCOOH photoconversion, which is 
consistent with the results of experimental studies. 
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