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Abstract

CO2 conversion and utilization for global sustainability is an integral part of greenhouse 

gases management, typically for the production of fuels and specialty chemicals. Added value 

products, such as methanol, methane or formate, can be obtained by electrocatalysis and 

thermocatalysis, the two techniques addressed in this study. The main motivation of this study 

is to develop a copper based catalyst active in both processes, confronting the main concerns 

regarding typical metal catalysts related to nanoparticles aggregation and concomitant 

deactivation. For this, modified NU-1000, a water-stable mesoporous MOF, is used as a 

platform for the simultaneous coordination-stabilization of copper single atoms and CO2 
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adsorption. NU-1000 is synthetized with primary amino groups (-NH2 with affinity for CO2) 

by modifying the ligand prior to MOF synthesis, while post-synthetic solvent-assisted ligand 

incorporation is applied to insert thiol functionalities (-SH with affinity for copper) within the 

framework. To make the functionalized MOF catalytically active, a Cu2+ salt is impregnated 

into the MOF channels, which is further reduced with H2 to Cu+/Cu0 before performance 

assessment in CO2 conversion processes. The as-synthetized and spent catalysts were analysed 

regarding the structure (X-ray diffraction, infrared), bulk (mass spectrometry) and surface (X-

ray photoelectron spectroscopy) composition, morphology (electronic microscopy and energy 

dispersive spectroscopy) and textural properties (N2 physisorption). The electrocatalytic 

reduction of CO2 was performed in the potential range of -0.8 to -1.8 V, indicating the 

formation of formic acid. Thermocatalytic experiments were carried out in an economically 

and energetically sustainable low-pressure (1 MPa) hydrogenation process. Methanol was 

obtained with 100 % selectivity at temperatures up to 280 ºC, and a space-time yield of ca. 100 

mgMeOHgcat
-1h-1 which overcomes that of commercial CuZnO NPs designed for this purpose.

Keywords: CO2 reduction, Metal organic framework, Copper, Methanol, Catalysis

1. Introduction

During the last century, the world has witnessed a tremendous industrial expansion, 

concomitant with a dramatic accumulation of greenhouse gases in the atmosphere. The 

absorption of thermal infrared radiation from the sunlight by these gases is the principal cause 

of the concerning global warming in the earth surface.1 Among discharged pollutants by human 

activity, CO2 is the most emitted gas, since it is generated as a byproduct in fossil fuels 

combustion and numerous industrial processes.2 The increased awareness of the current 

environmental situation has prompted governments and institutions to establish new policies 
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and restrictions to reduce CO2 emissions. Procured actions are showing some positive results, 

although accelerated efforts are still required to meet essential ambitious targets, as those 

settled for Europe in the 2030 agenda.3 For these reasons, investment in the development of 

advanced technologies to reduce the amount of CO2 emission from industrial processes is 

essential, either through its capture or conversion into value-added products, such as plastics, 

building materials, synthetic fuels or chemicals (e.g., urea, methane, methanol, ethanol, formic 

acid, acetic acid),4 thus generating a carbon circular economy. CO2 capture and separation 

systems have already been established to an industrial scale, but conversion technologies are 

still at development stages. Since CO2 is a thermodynamically stable compound, its conversion 

requires a catalyst and additional energy input to overcome the reaction activation barrier.5 The 

most mature technologies for this purpose are thermocatalytic CO2 hydrogenation, driven by a 

combination of temperature and pressure,6 and electrocatalytic CO2 reduction, powered by an 

electrical supply.7 

The effective thermo or electrocatalytic conversion of CO2 comprises the use of a catalyst 

system with active metal sites, frequently dispersed on a support.8 Among the reported 

heterogeneous catalytic systems, copper nanoparticles (Cu NPs) have shown great catalytic 

activity for CO2 conversion.9 Indeed, alloys of copper and zinc oxide (Cu/ZnO) NPs are 

considered as the flagship catalyst in the thermocatalysis of CO and CO2,10 while dispersed Cu 

NPs have been used to produce hydrocarbons and alcohols by electrochemical CO2 reduction 

under relatively low overpotentials.11 

In heterogeneous catalysis, the rational design of the supporting matrix is a decisive point 

to be considered.12 The use of a support is necessary to increase the dispersion of the metal 

surface active centres, by preventing aggregation and sintering of the NPs, as well as to improve 

the electronic properties of the catalyst. Porous materials, such as oxides, silica, zeolites, 

carbons and polymers are the most frequently used supports. Recently, metal-organic 

Page 3 of 36 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

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
 1

9 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

3/
07

/2
02

4 
8:

18
:3

6 
. 

 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-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4TA03268C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ta03268c


4

frameworks (MOFs) have emerged as a novel class of crystalline porous materials with high 

potential to design energy-intensive processes of gas adsorption and catalysis.13 The main 

advantages reside in the unprecedented versatile chemistry of MOFs, which allows adjusting 

the compositional and textural properties of the framework for each defined purpose.14 

Microporous and mesoporous MOFs have been investigated in the area of catalysis showing 

promising performance, either as pristine compounds or by forming composites with active 

metal particles.15,16 In fact, they are one of the most promising and versatile platforms for 

fabricating single-site catalysts.17 Synthetizing water stable MOFs, for instance by combining 

a strong Lewis base linker (e.g., carboxylate-based) and a strong Lewis acid metal ion (e.g., 

Zr4+), would certainly widen the range of applications.18 Examples of those materials are the 

microporous UiO-66 and the mesoporous NU-1000 phases. NU-1000 is a zirconium-based 

MOF constituted of tetratopic 1,3,6,8-tetrakis(p-benzoic-acid)pyrene (H4TBAPy) linkers and 

oxo-Zr6 [Zr6O16H16]8+ nodes, with a bimodal distribution of unidirectional void channels of 

diameter 1.2 and 3 nm and a surface area > 2000 m2g-1, which has been widely studied in 

energy and environmental applications, such as photocatalytic and electrocatalytic water 

splitting, electrocatalytic CO2 reduction, lithium-sulfur batteries, hydrogen storage, gas 

adsorption and separation, etc.19 

This study aims to rationally design and synthesize a functionalized NU-1000 MOF that can 

act as a platform for simultaneous coordination-stabilization of copper single atoms and CO2 

adsorption, and be effective for the conversion of this gas in thermo and electrocatalysis. The 

NU-1000 MOF was chosen because of its outstanding textural properties, as well as its facility 

for reticular linker modification and ability of anchoring exogenous metal centres at the metal 

clusters. Particularly, NU-1000 was synthetized with primary amino groups (-NH2 with affinity 

for CO2), by modifying the ligand prior to the MOF synthesis,20 while post-synthetic solvent-

assisted ligand incorporation (SALI)21 was applied to insert a free thiol functionality (-SH with 
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affinity for copper) within the framework. This work demonstrates that it is possible to sketch 

a protocol that allows the incorporation into the NU-1000 of more than one functionality, while 

maintaining the structural stability of the framework, and, importantly, retaining significant 

porosity. To make the functionalized MOF catalytically active, a Cu2+ salt is impregnated into 

the MOF channels, which is further reduced with H2 before performance assessment in CO2 

conversion processes. Comprehensive solid-state characterization of the composite is 

performed to understand the catalytic behaviour. 

 The -NH2 and -SH functionalized NU-1000 was verified as a catalyst platform in 

electrocatalysis and thermocatalysis processes applied to CO2 conversion.22,23 The 

electrocatalytic activity was measured using working electrodes consisting of modified NU-

1000/Cu grown as a film on a conducting substrate selected from either fluorine-doped tin 

oxide (FTO) conducting glass or reduced graphene oxide (rGO). Furthermore, the 

thermocatalytic activity of the material was tested in an economically attractive and 

energetically sustainable low pressure (1 MPa) hydrogenation process.24 The developed 

material is shown to have promising catalytic activity.

2. Materials and methods

2.1. Materials

The employed reactants and solvents for MOFs synthesis, post-synthetic modification and 

characterization were 1,3,6,8-tetrakis(p-benzoic-acid)pyrene (H4TBAPy, BLDpharm), 

zirconium(IV) chloride (ZrCl4, abcr), benzoic acid (BA, Fluka), diethyl formamide (DEF, 

abcr), dimethylformamide (DMF, abcr), hydrochloric acid (HCl, abcr), acetone (abcr), 

dichloromethane (DCM, abcr), 3-mercaptopropionic acid (PrSH, abcr), copper formate hydrate 

(Cu(For)2, abcr), methanol (MeOH, abcr), hydrofluoric acid (HF, Fluka) and deuterated 

dimethyl sulfoxide (DMSO-d6, abcr). Fluorine doped tin oxide (FTO) glass was provided by 

Merck. rGO support was prepared from a graphene oxide dispersion in water (GO, 0.004 wt%) 
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provided by Graphenea Inc, after thermal reduction with ascorbic acid (HAsc, Fluka), solvent-

exchange with absolute ethanol (EtOH, abcr) and supercritical CO2 (scCO2) drying. The CO2, 

H2, H2:Ar (5:95 v%) and CO2:H2 (1:3 mole ratio) gases were delivered by Carburos Metálicos 

S.A. The electrolyte solutions were prepared with potassium hydrogencarbonate (KHCO3) and 

sodium perchlorate (NaClO4) purchased from Fisher Sci. and MilliQ water obtained from 

Merck Q-POD.

2.2. Synthetic procedure

2.2.1. Synthesis of NU-1000, NU-1000-NH2 and NU-1000-NH2/PrSH

NU-1000 and NU-1000-NH2 were synthetized following a reported procedure,25 using as 

linkers H4TBAPy and H4TBAPy-NH2, respectively. While H4TBAPy is a commercial reagent, 

H4TBAPy-NH2 was synthetized according to an established protocol,20 which is summarized 

in the ESI. The synthesis of these MOFs started by sonicating 70 mg (0.30 mmol) of ZrCl4 and 

2700 mg (22.1 mmol) of BA in a 6-dram vial filled with 8 mL of DEF. The solution was heated 

at 80 ºC for 1 h and cooled down. Then, 40 mg (0.06 mmol) of H4TBAPy or 45 mg (0.06 mmol) 

of H4TBAPy-NH2 were added to the vial, dispersed by 20 min sonication and solvothermally 

treated at 110 ºC for 48 h. Once cooled again, the obtained precipitate was solvent-exchanged 

with fresh DMF three times. Then, the MOF was treated with a mixture of DMF (12 mL) and 

HCl 6 M (0.7 mL) at 100 ºC for 24 h to remove the pendant benzoate ancillary ligands. The 

obtained crystals were washed thrice with DMF and acetone by solvent exchange, and dried 

under vacuum. NU-1000-NH2 was post-synthetically modified with -PrSH following the SALI 

protocol reported for NU-1000 for diverse carboxylic acids.21 In this work, 50 mg (ca. 0.02 

mmol) of NU-1000-NH2 were dispersed in a mixture containing 20 µL (0.22 mmol) of PrSH 

and 3 mL of DMF. The closed vial was heated at 60 ºC during 24 h with occasional hand-

shaking. After this time, the crystals were filtered and washed consecutively with fresh DMF, 
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acetone and DCM. The product was activated under vacuum (700 Pa) at 120 ºC for 4 h. 

Orangish NU-1000-NH2/PrSH microcrystals were recovered (Fig. 1).

2.2.2. Copper impregnation and reduction: NU-1000-NH2/PrS-Cu

28 mg (ca. 0.01 mmol) of NU-1000-NH2/PrSH crystals were impregnated with 10 mg (0.06 

mmol) of Cu(For)2 dissolved in 10 mL of MeOH. The vial containing the mixture was left to 

rest for 2 days. After this time, the blue colour in the solution disappeared and the MOF 

orangish crystals turned greenish (Fig. 1). The product was washed four times with fresh 

MeOH prior to vacuum drying to afford the NU-1000-NH2/PrSH-Cu(For)2 sample. This 

product was thermally reduced under a flow of diluted H2 in Ar (150 mLmin-1) in a tubular 

oven at 160 ºC for 2 h. The obtained brownish NU-1000-NH2/PrS-Cu sample was kept in a 

desiccator for subsequent characterization (Fig. 1). 

2.3. Electrocatalytic experiments

The working electrodes for these experiments were assembled by in situ growth of NU-

1000-NH2 on a support of either rectangular cut pieces of commercial FTO conducting glass 

(1.60 x 1.40 cm) or home-made rGO rounded films (1.2 cm diameter). For rGO supports 

preparation, first a GO dispersion in water was reduced with 160 mg (0.91 mmol) of HAsc at 

95 ºC for 1 h. The resulting hydrogel was thoroughly washed with distilled water and solvent-

exchanged with absolute EtOH to obtain an alcogel that was dried under scCO2 at 20 MPa and 

60 ºC, resulting in a monolith of rGO aerogel.26 Finally, the rGO monolith was pressed at 2.5 

tons per cm2 to yield rGO disk-shape films (Fig. 2). To grow the catalytic MOF on the supports, 

similar steps to the above described protocol to synthetize the powder were followed. Thus, 

NU-1000-NH2 crystals were straightforwardly grown on conducting FTO plates or rGO disks 

(Fig. 2). The supports were perpendicularly held with the aid of a PTFE tape and immersed in 

the synthetic medium used to prepare the MOF. The recovered NU-1000-NH2@support 

composites were post-synthetically modified with PrSH to yield the NU-1000-
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NH2/PrSH@support samples. Finally, the systems were impregnated with Cu(For)2 in MeOH 

to afford the NU-1000-NH2/PrSH-Cu(For)2@support precursors and transformed by soft H2 

thermal reduction to NU-1000-NH2/PrS-Cu@support electrodes.

The electrocatalytic experiments were performed in a one-pot home-made cell with anodic 

and cathodic spaces (described in the ESI). The cell was filled with either NaClO4 or KHCO3 

electrolyte. A Pt sheet, Ag/AgCl and NU-1000-NH2/PrS-Cu@support were used as the anodic, 

reference and working cathodic electrodes, respectively. Prior to the electrocatalytic tests, a 

short treatment at -0.6 V vs. the reference hydrogen electrode (RHE) was applied to the sample 

to afford completely reduced copper. After this pre-treatment, cyclic voltrammetry (CV) scans 

were performed at different scan rates (60, 80, 100, 250 and 300 mVs-1) to estimate the 

electrochemical surface area (ECSA) through the calculation of the double layer capacitance 

(Cdl) in a non-faradaic region.27 Note that Cdl is directly proportional to the ECSA. The 

electrochemical testing was then straightforwardly conducted at -0.4, -0.7, -0.8, -1.0, -1.2, -1.4, 

-1.6 and -1.8 V vs. RHE as a chronoamperometric measurement for 1 h while keeping the CO2 

bubbling in the cathodic space. Gas and liquid aliquots were collected every 20 min. Gas 

samples were analysed in a Varian GC-450 gas chromatograph, equipped with a methaniser, 

TCD and FID detectors. Liquid samples were analysed by HPLC (Agilent 1200 reverse phase 

with an Automated Liquid Sampler (Agilent ALS G1329A)).

2.4. Thermocatalytic experiments

20 mg of NU-1000-NH2/PrS-Cu powder were dispersed in glass wool, placed inside a fixed-

bed tubular column (0.45×9 cm ø×l) and subjected to in situ reduction with a flow of H2 (20 

mLmin-1) at 180 °C for 2 h. A home-made Process Integral Development Engineered & Tech. 

equipment was used for catalytic activity measurements (described in the ESI). After switching 

the flow from pure H2 to a mixture of CO2:H2, the pressure was set at 1 MPa, while the gas 

flow rate was fixed at 10 mLmin-1. Ejected products were determined in the temperature range 
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of 180-280 ºC every 20 min. MeOH was measured using a Shimadzu GC-2010 gas 

chromatograph. The presence of gases (CO2, CO, etc.) was evaluated using an Agilent Tech. 

7890B gas chromatograph. MeOH space-time yield (STYMeOH) was estimated based on catalyst 

weight.

2.5. Characterization techniques

The crystalline structure of the products was characterized by powder X-ray diffraction 

(PXRD) in a Bruker D8 Advance with Cu Kα incident radiation. The molecular structure was 

evaluated by Fourier transform infrared (FTIR) spectroscopy (Jasco 4700 Spectrophotometer) 

using the attenuated total reflection (ATR) accessory. Proton nuclear magnetic resonance (1H-

NMR, Bruker Advance NEO 300 MHz) was used to characterize the organic products obtained 

during H4TBAPy-NH2 synthesis, and to quantify the content of PrSH after MOF digestion in 

HF and further dissolution in DMSO-d6.28 Sample morphology and size were examined using 

a scanning electron microscope (SEM, Quanta FEI 200), with coupled energy-dispersive 

spectroscopy (EDS, using an Inca 250 SSD XMax20 detector) to evaluate atomic dispersion, 

and a transmission electron microscope (TEM, JEOL 1210). Samples characterized by SEM 

were coated with Pd/C prior to the analysis, while those used in EDS or TEM were not. 

Inductively coupled plasma mass spectrometry (ICP-MS, 7700x Agilent) was used to ascertain 

the Zr:Cu ratio. Samples were digested with a mixture of hydrochloric acid, nitric acid and 

MilliQ water (3:1:2 v/v) in a microwave oven at 200 ºC previous to the analysis. An X-ray 

photoelectron spectrophotometer (XPS, KRATOS AXIS Ultra DLD spectrometer equipped 

with a monochromatic Al Kα source (1486.6 eV, 150 W)) was utilized to evaluate the electronic 

state of nitrogen (N1s), sulfur (S2p) and copper (Cu2p) in the samples. XPS data was analysed 

by AAnalyzer software. The thermal stability of the products was examined by 

thermogravimetric analysis (TGA, Q500) under a flow of H2 diluted in Ar (40 mLmin-1) with 

a ramp of 5 ºCmin-1. For the characterization of the textural properties, N2 adsorption-
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10

desorption isotherms were recorded at -196 ºC in a Micromeritics ASAP 2020 equipment. 

Samples were previously activated at 120 ºC under high vacuum (15 Pa) during 20 h. The 

apparent specific surface area was calculated by applying the Brunauer-Emmet-Teller (BET), 

while the pore volume and pore size distribution was estimated by the Barrett-Joyner-Halenda 

(BJH) and Dubinin-Astakhov (D-A) methods.29 Using the same equipment and activation 

conditions, measurements of CO2 adsorption were performed at temperatures (T) of 0, 25 and 

40 ºC and pressures (p) from vacuum to 100 kPa. From these data, the CO2 enthalpy of 

adsorption (Qst) was determined at different levels of surface occupancy (n) by applying the 

Clausius-Clapeyron equation Qst(n) = -R ln(p2/p1)(T1T2/(T2-T1)).              

3. Results and discussions

3.1. Structure and composition of the catalyst

NU-1000 was first modified with amino (-NH2) and thiol (-PrSH) groups, installed in the 

linker and metal nodes, respectively. Subsequently, Cu(For)2 was impregnated into the MOF 

pores. Finally, the system was reduced with H2 to obtain the active catalyst NU-1000-NH2/PrS-

Cu, tested for the conversion of CO2. Each product, obtained in a stepwise rational material 

design, was thoroughly characterized by solid state techniques to evaluate the effectiveness of 

the performed modifications.

3.1.1. Addition of -NH2 for CO2 adsorption

The first synthetic step in the design of the catalyst, was the addition of primary arylamines 

as a part of the NU-1000 framework. NU-1000-NH2 crystals were recovered as aggregated 

particles with a morphology of thin elongated hexagonal prisms of 5-15 μm average length and 

3-4 μm average diameter (Fig. S8). The recorded PXRD for the crystallized NU-1000-NH2 

displayed the same pattern as NU-1000, with the most intense band at 2 = 2.6 º (Fig. S9). The 

ATR-FTIR spectrum shows the typical NU-1000 bands,30 together with those assigned to 

added amino groups, such as aromatic -NH2 Fermi resonance and N-H bending at ca. 3000 and 
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1650 cm-1, respectively (Fig. S10). NU-1000 is an archetypical MOF characterized by its 

highly porous crystalline architecture, but with a framework displaying low CO2 affinity. In 

different works, CO2 uptake has been improved by post-synthetic inclusion in the pores of 

certain functionalities, e.g., perfluoroalkenes or compounds with amino groups.31-34 However, 

this method results in important reduction of the effective pore volume, which would hinder 

the incorporation of catalytically active entities within the structure and, further, prevent a 

proper diffusion of reactants and products throughout the framework. Hence, to develop an 

efficient system for CO2 conversion, it is of vital importance to endow the MOF with 

energetically favourable sites for CO2 adsorption, but preserving the empty pore volume to a 

large extent. In this work, the inclusion of primary amino groups in the NU-1000 framework 

as part of the MOF linker (H4TBAPy-NH2) was pointed to address both key factors. To 

evaluate the influence of the installed -NH2 functionalities on the porosity of the system, N2 

isotherms of pristine and amino functionalized MOF were recorded and compared. The two 

pairs of adsorption-desorption curves overlapped in the graph (Fig. 3a), denoting that the NU-

1000 porous framework was preserved in NU-1000-NH2. Indeed, the addition of -NH2 

functionalities did not significantly modify the surface area and pore volume of NU-1000-NH2 

when compared to NU-1000, just decreasing from 2230 to 2140 m2g-1 and from 1.70 to 1.50 

cm3g-1 BJH (1.01 to 0.82 cm3g-1 D-A), respectively, thus leaving enough space for subsequent 

post-synthetic modification and catalytic reactions. The effect of the installed primary amino 

groups on CO2 uptake was assessed by measuring the adsorption isotherm at 0 ºC up to 

saturation pressure for net and functionalized MOF. Remarkably, the CO2 adsorption capacity 

increased from 3.25 mmolg-1 in pristine NU-1000 to 5.36 mmolg-1 in NU-1000-NH2 at 100 kPa 

(Fig. 3b), denoting that these primary amino groups indeed play the role of Lewis bases for 

enhancing CO2 adsorption.35

3.1.2. Addition of -SH binding sites for copper fixation
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The second step in the preparation of the catalyst consisted in the post-synthetic 

modification of NU-1000-NH2 with -PrSH, which is aimed to provide the system with potential 

binding sites for individual copper units, thus enabling the formation of a single-atom catalyst. 

The -PrSH ligands were successfully integrated in the NU-1000-NH2 framework through the 

coordination of the carboxylate group with the exposed vertexes of the Zr6O8 cluster located at 

the nodes of the MOF framework. According to 1H-NMR quantitative analysis (see ESI for the 

description of the method), the four available positions in each Zr6O8 cluster were successfully 

occupied by -PrSH, thus giving a Zr:S atomic ratio of 6:4 (Fig. S12). The PXRD pattern 

recorded for NU-1000-NH2/PrSH matches that of the NU-1000 phase, indicating that -PrSH 

functionalization did not provoke significant framework distortion (Fig. S9). The ATR-FTIR 

spectrum did not account for additional signals with respect to NU-1000-NH2, which is 

attributed to the weak intensity of -SH infrared vibrations as well as to the overlapping of the 

aliphatic and carboxylate bands with the ones of NU-1000-NH2 (Fig. S10). The homogeneous 

distribution of sulfur in one crystal of NU-1000-NH2/PrSH was confirmed by EDS mapping in 

a non-metalized sample (Fig. S13). Importantly, it was demonstrated that the applied SALI 

method21 can be used to modify the Zr-clusters even in the vicinity of amino functionalities. 

3.1.3. Impregnation with Cu(For)2 and reduction 

In the last synthetic step, a copper salt was incorporated into the open volume of the 

synthetized NU-1000-NH2/PrSH framework as the precursor to further afford the active 

catalyst by thermal reduction. Cu(For)2 was chosen for this purpose, because it can be reduced 

to copper metal at relatively low temperatures (< 200 ºC),36 thus avoiding any thermal damage 

of the functionalized MOF framework. The incorporation of blue Cu(For)2 to the MOF led to 

visual differences in the colour of the crystals, shifting from orange in the pristine NU-1000-

NH2/PrSH to green in the loaded NU-1000-NH2/PrSH-Cu(For)2 (Fig. 1). The amount of 

impregnated copper precursor was analysed by ICP-MS, giving a ratio Zr:Cu of 6:4.6. The 
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large amount of incorporated Cu(For)2 (ca. 15 wt%) is justified on the basis of the added 

functionalities on the NU-1000 framework, which serve as anchoring points for the 

impregnated copper salt, especially, the exposed thiol groups, according to the hard and soft 

(Lewis) acids and bases principle. Cu(For)2 addition did not entail any significant variation in 

the PXRD pattern, in which the Cu(For)2 most intense peaks, located at 2 ca. 17 and 29º, were 

not present (Fig. S9). The EDS spectrum obtained by line scan in an individual crystal indicated 

that added Cu2+ was homogeneously distributed along the MOF, similarly to zirconium (Fig. 

4a,b). The interaction of loaded Cu(For)2 with the pendant functionalities in the MOF was 

further analysed by recording the XPS spectrum of the NU-1000-NH2/PrSH-Cu(For)2 sample 

(Fig. 4e,f,g_I). The band associated to N1s could be fitted with a singlet centred at a binding 

energy of 400.0 eV, characteristic of primary amino groups, with no sign of Cu-N bond (Fig. 

4e_I).37 As well, the band associated to S2p could be fitted with typical unbounded thiol doublet, 

displaying peaks at binding energies of 163.5 (S2p3/2) and 164.7 (S2p1/2) eV and an area ratio of 

2:1 (Fig. 4f_I).38 Regarding the electronic configuration of copper, the Cu2p spectrum displayed 

the typical peaks of divalent copper at binding energies of 934.5 (Cu2p3/2) and 954.4 (Cu2p1/2) 

eV, with their corresponding satellites at ca. 943 and 963 eV, while only a low intensity signal 

at 932.8 eV featured the presence of a small percentage of Cu+/Cu0 (Fig. 4g_I).39,40 Actually, 

the recorded Cu2p spectrum was exactly the same as the one for net Cu(For)2.41 These results 

together indicate that Cu(For)2 would established only low-energy electrostatic interactions in 

the MOF with the pendant -NH2 or -PrSH functionalities. Taking into account that the ratios 

Zr:SH and Zr:Cu were estimated as 6:4 and 6:4.6 by 1H-NMR and ICP-MS, respectively, in 

first instance it is rationalized that all thiol, and only few amino, sites were occupied by 

Cu(For)2. 

Catalytically active copper sites are generated in the precursor NU-1000-NH2/PrSH-

Cu(For)2 by thermal reduction at 160 ºC with H2 diluted in Ar. This working temperature was 
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selected after examining the TGA curve of NU-1000-NH2/PrSH-Cu(For)2 and comparing with 

the ones of Cu(For)2 and NU-1000-NH2/PrSH, all recorded under a similar reducing 

atmosphere (Fig. S14). In both NU-1000-NH2/PrSH and NU-1000-NH2/PrSH-Cu(For)2, a 

weight decay was observed in the 250-400 ºC temperature interval associated with the loss of 

-NH2 and -PrSH pendant functionalities, being the NU-1000 framework skeleton thermally 

stable up to ca. 450 ºC. The NU-1000-NH2/PrSH-Cu(For)2 sample has an extra weight drop 

starting at ca. 150 ºC, attributed to the reduction of Cu(For)2 and the subsequent release of CO2 

and H2. The selected thermal treatment caused a colour change in the recovered sample, 

designated as NU-1000-NH2/PrS-Cu, from green to brown (Fig. 1), which is ascribed to copper 

reduction. To ascertain the electronic configuration of copper after sample reduction, the XPS 

spectrum of NU-1000-NH2/PrS-Cu was analysed in the Cu2p region (Fig. 4g_II). The peaks 

previously associated to Cu2+ in NU-1000-NH2/PrSH-Cu(For)2 shifted to low binding energies 

in the reduced product (933.0 eV in Cu2p3/2 and 952.9 eV in Cu2p1/2), with barely visible Cu2+ 

satellites, indicating the almost total reduction of Cu(For)2 to Cu+/Cu0.39,40 In the N1s spectrum, 

no significant differences between non-reduced and reduced samples were found, denoting that 

the primary amino groups remained unaltered and not bonded to Cu+/Cu0 (Fig. 4e_II).37 On the 

contrary, an additional doublet, with peaks at binding energies of 161.9 and 163.1 eV, could 

be fitted in the S2p region (Fig. 4f_II), associated with the formation of metal-thiolate [-S-Cu+] 

bonds.42 According to the area under the peaks, the formation of thiolate bonds accounts for 

ca. 45 % of the total sulfur.

The recovered NU-1000-NH2/PrS-Cu showed similar morphology and size to the parent 

NU-1000-NH2 (Fig. 5a), with no sign of thermal or chemical damage, as confirmed by PXRD 

(Fig. S9). It is worth to mention that the typical metallic copper crystals bands at 2 = 43.1 and 

50.3º were not depicted in the pattern, indicating that the reduction of Cu(For)2 did not trigger 

the growth of large Cu NPs (Fig. S15). Besides, no trace of these NPs deposited on the surface 
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of NU-1000-NH2/PrS-Cu was observed in the TEM images (Fig. 5b,c). As well, EDS line scan 

performed in this sample indicates that the homogenous distribution of copper found previously 

for NU-1000-NH2/PrSH-Cu(For)2 was maintained after reduction (Fig. 4c,d). Taken these 

results together, it can be concluded that the added -PrSH functionalities in NU-1000-NH2/PrS-

Cu prevented the migration of copper atoms from the cavities to the outer surface of the MOF 

during the thermal reduction process, thus avoiding the previously reported drawback of copper 

aggregation into NPs.23 

N2 physisorption analysis exhibits noteworthy values of surface area and pore volume in 

NU-1000-NH2/PrS-Cu, in the order of 1130 m2g-1 and 0.55 cm3g-1 BJH (0.28 cm3g-1 D-A), 

respectively (Fig. 3a and Fig. S16 in the ESI for pore size distribution), which is highly relevant 

for its further application in catalysis. Even for the NU-1000-NH2/PrS-Cu product the textural 

properties were reduced to approximately half of that of NU-1000, the measured CO2 

adsorption at saturation pressure and 0 ºC was similar to that of the pristine MOF, with a value 

of ca. 3.00 mmolg-1 (Fig. 3b). For this sample, the isosteric enthalpy of adsorption (Qst) is used 

as a key parameter to evaluate the advantages of adding -NH2 functionalities in CO2 adsorption. 

For NU-1000, the calculated -Qst values were nearly constant at all the studied surface 

coverages, with values of 16-18 Jmmol-1 (Fig. S17). However, for NU-1000-NH2/PrS-Cu this 

energy parameter notably incremented, especially, at low degree of surface occupancy with 

values close to 30 Jmmol-1, which is attributed to the adsorption of CO2 in energetically 

favourable -NH2 sites. At higher adsorption values, -Qst values are stabilized at 21-23 Jmmol-

1. Although all these quantities are in the range of physisorption, the CO2 adsorption enthalpy 

was notably higher for the MOF involving amino functionalities than for net NU-1000, 

denoting increased affinity of NU-1000-NH2/PrS-Cu for CO2. 

3.2. Electrocatalytic reduction of CO2
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High electrical conductivity is rare in MOFs, yet, when present, promising performance in 

electrocatalytic applications can be envisaged.43 NU-1000 is known as an insulating material, 

with a conductivity of 9.110-12 Scm-1, which do not contain well-defined crystallographic 

pathways enabling band-like charge transport. Efforts undertaken to increase conductivity in 

NU-1000 include modifications to preclude direct orbital overlapping and post-processing by 

host-guest interactions.44,45 In this study, to measure the electrocatalytic activity of the designed 

MOF, with a NU-1000 modified linker and host-copper electronic interactions, crystals were 

grown on a conductive support, either FTO or rGO (Fig. 2). NU-1000-NH2/PrS-Cu was 

successfully grown on the chosen supports following the method described in section 2.3. In 

the PXRD patterns of NU-1000-NH2/PrS-Cu@FTO and @rGO samples, the most intense 

peaks of NU-1000 could be identified (Fig. S18). Further, SEM images showed that NU-1000-

NH2/PrS-Cu small microcrystals with the hexagonal morphology, especially on FTO, were 

deposited with a random orientation, forming a monolayer covering most of the surface (Fig. 

6). Finally, EDS mapping of the composites denoted that copper resides just on the areas where 

MOF microcrystals were present (Fig. S19). 

First tests were performed to assure the chemical inertness of the used electrode supports in 

the selected electrolyte, i.e., KHCO3 and NaClO4, particularly important for FTO substrate that 

can experience reductive corrosion in either alkaline or acidic media at certain applied voltages, 

involving the electrochemical reduction of SnO2 to Sn0.46 In the system used in this work, and 

applying a potential of -0.7 V vs. RHE for 10 min, the surface layer of bare FTO darkened due 

to tin reduction in NaClO4, while it remained stable in KHCO3. Hence, for further experiments, 

the 0.1 M KHCO3 buffered electrolyte was preferred, since the presence of protons in the acidic 

solution induced tin reduction even under mild cathodic potentials. This observation was 

opposite to the behaviour described in a previous work for a non-modified NU-1000/Cu@FTO 

catalyst, for which best results were obtained with the slightly acidic NaClO4 electrolyte.23 Prior 
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to sample testing, NU-1000-NH2/PrS-Cu@FTO was subjected to a short electrochemical 

treatment at -0.6 V vs. RHE to reduce any copper possibly reoxidized during sample 

manipulation. The effectiveness of this pre-treatment was demonstrated by comparing the CV 

scan of the sample before and after, the later displaying two more intense sets of Cu-redox 

peaks (Fig. S20a). In the NU-1000-NH2/PrS-Cu@FTO tests, run at -0.4 and -0.7 V vs. RHE, 

neither gaseous nor liquid products were detected in the electrochemical experiments. In 

contrast, the aliquots collected from the reaction at -0.8 V vs. RHE displayed bands 

corresponding to CO and H2 in the GC analysis. Nevertheless, at the end of the reaction, it was 

observed that the working area in the FTO support became darker at this potential, with no sign 

of MOF particles on the surface (Fig. S21). Hence, this potential again caused damage to the 

FTO layer during testing. Actually, the CV scan performed for the electrocatalytically treated 

sample showed a single set of redox peaks at noticeably different potentials (Fig. S20b) with 

respect to the ones assigned to Cu0 redox peaks (Fig. S20a), but matching those associated with 

Sn0.47 Similar curves were obtained for bare FTO treated at -0.8 V vs. RHE (Fig. S20b). In light 

of these results, FTO proved not to be an appropriate support to study the electrocatalytic 

activity of synthetized NU-1000-NH2/PrS-Cu, as the limited stability of the support does not 

allow to work at potentials high enough (> 0.7 vs. RHE) to make the designed MOF 

electrocatalytically active. 

To further explore the electrocatalytic capacities of the developed MOF at high potentials, 

a chemically stable rGO support was taken into consideration.48 A conductive rGO thin film 

was thus prepared, with an optimal resistance (ca. 20 Ω) to ensure adequate charge transfer to 

the supported MOF. In this case, the CV scan recorded for both bare rGO support and NU-

1000-NH2/PrS-Cu@rGO displayed a similar curve, with no sign of the Cu-redox peaks 

observed in the NU-1000-NH2/PrS-Cu@FTO sample, not even after the electrochemical 

treatment at -0.6 V vs. RHE (Fig. S22). Regardless, this is attributed to the large currents 
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displayed by rGO which most likely overlaps the Cu-redox signals. The bare rGO support was 

submitted to electrocatalytic tests at a potential as high as -1.2 V vs. RHE in 0.1 M KHCO3 

electrolyte, showing no apparent structural or chemical modification. At this applied voltage, 

the production of a certain amount of H2 from bare rGO could be detected by GC. It has been 

previously reported that the defects generated in the rGO surface upon reduction can serve as 

catalytic sites for electrochemical hydrogenation processes.49 The ECSA of NU-1000-

NH2/PrS-Cu@rGO was estimated by determining the Cdl (Fig. S23).27 The calculated Cdl value 

was in the order of 0.06 mFcm-2, which is significantly lower than other reported values for 

Cu-based hybrid materials.50 However, this may be explained through the large currents 

displayed by the rGO, which likely cover the CV response of the actual NU-1000-NH2/PrS-Cu 

material, as mentioned above. Instead, the measured Cdl would describe the rGO substrate more 

accurately than the electrocatalyst of interest. Testing NU-1000-NH2/PrS-Cu@rGO as the 

working electrode in the interval of -0.8 to -1.8 V under similar experimental conditions also 

resulted in the production of H2, in a larger extent than for bare rGO. Additionally, according 

to HPLC results, formic acid could be detected in the liquid phase (Fig. S24). However, no CO 

signal could be identified in the GC analysis. CO is recognized as the main intermediate in the 

electrochemical reduction of CO2, as starting point to build more complex compounds.51 

Hence, the electrocatalytic synthesis of any CO2-derived product is typically accompanied by 

the generation of a certain amount of CO.50 The mechanism for the conversion of CO2 into 

formic acid is still not fully understood and several possible pathways have been proposed.52 

Although in theory formic acid can be straightforwardly produced without the presence of side 

products, most of the reported routes contemplate the production of CO and H2O from 

secondary reactions. In our case, these preliminary results indicate that NU-1000-NH2/PrS-

Cu@rGO is catalytically active for the electrochemical reduction of CO2. Besides, the 

chronoamperometric measurements at three different potentials (-1.2 V, -1.4 V and -1.8 V vs. 
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RHE, Fig. S25) show that the measured current density is constant over time, thus suggesting 

that the catalyst is stable even at high negative potentials.

3.3. Thermocatalytic H2 reduction of CO2

In the reaction of CO2 hydrogenation, MeOH (+ H2O) can be straightforwardly obtained 

through the exothermic reaction of CO2 and 3H2. In contrast, CO (+ H2O) is obtained in the 

endothermic reverse water-gas shift reaction of CO2 and 1H2. Then, produced CO can 

exothermically react with 2H2 to produce more MeOH.53 In general, the use of high 

temperature increases CO2 conversion values, but it decreases the selectivity of MeOH vs. 

CO.54 Consequently, a compromise between both factors must be attained, as the most of the 

laboratory and industrial processes are carried out in the temperature interval of 230-280 °C. 

Regarding pressure, CO2 hydrogenation is favoured at high values, e.g., 5-10 MPa, since 

MeOH formation entails a reduction in the number of moles. However, the use of low H2 

pressure would allow for the design of CO2 hydrogenation processes not only economically 

attractive, but also energetically sustainable.55 For these reasons, in the present work the 

thermocatalytic activity of NU-1000-NH2/PrS-Cu was studied at low pressure, i.e., 1 MPa, in 

the temperature interval of 180-280 ºC.24,56,57 The spent catalyst was characterized with regard 

to the structure by PXRD (Fig. 7a), the morphology by SEM and the elemental distribution of 

copper by EDS (Fig. 7b,c). These techniques together did not show significant modification 

with respect to reduced NU-1000-NH2/PrS-Cu, thus denoting that the MOF framework, crystal 

morphology and copper dispersion were largely preserved during H2 reduction and catalysis. 

In principle, these results point to the possibility of catalyst recycling.58

The catalytic activity (MeOH yield and selectivity) of the synthesized NU-1000-NH2/PrS-

Cu was compared to the frequently used industrial catalyst, developed in the 1960s for the 

synthesis of MeOH from CO or CO2 and H2 by Imperial Chemical Industries and composed of 

copper, zinc oxide and alumina (CuZnO/Al2O3).59 In particular, CuZnO/Al2O3 pellets, 
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commercialized by Alfa Group Germany (ThermoFisher) for low pressure methanol synthesis, 

were used.60 Under working conditions, both studied materials produced noteworthy amounts 

of MeOH, although the values attained with the functionalized MOF were always superior to 

those with the industrial pellets (Fig. 7d). In contrast, these catalysts have a completely different 

behaviour with temperature. For CuZnO/Al2O3, the catalytic activity increases from 180 to 240 

ºC, but decreases at temperatures of 260 ºC and higher due to sintering of the constituent NPs, 

which reduces copper dispersion and active surface.61 Actually, the pelletized CuZnO/Al2O3 

NPs are only truly effective in a narrow temperature window settle at around 240-260 ºC, with 

STYMeOH values of 70-60 mgMeOHgcat
-1h-1. In this temperature interval the selectivity of MeOH 

vs. CO was in the order of 30-50 wt%, decreasing to only 10 wt% at 280 ºC with a STYMeOH 

of 30 mgMeOHgcat
-1h-1 (Fig. 7e). Instead, the synthetized MOF displayed a significant activity 

already at a temperature as low as 180 ºC (STYMeOH of 35 mgMeOHgcat
-1h-1), which is steadily 

enhanced with temperature, at least up to 280 ºC (STYMeOH of 103 mgMeOHgcat
-1h-1). Moreover, 

the modified MOF displayed near 100 % MeOH selectivity up to a temperature as high as 280 

ºC. The found noteworthy catalytic effectiveness of NU-1000-NH2/PrS-Cu for CO2 conversion 

to MeOH is related with both the favoured adsorption of CO2 on the ad hoc created -NH2 sites 

and the high concentration of active copper sites dispersed as individual atoms along the MOF 

channels. These remarkable results are also related to the huge surface area measured for NU-

1000-NH2/PrS-Cu (>1000 m2g-1) with respect to CuZnO/Al2O3
 (ca. 40 m2g-1), which would 

positively affect the surface dispersion of catalytically active surface atoms of Cu+/Cu0, which 

is attained in the MOF by using a relatively low amount of copper (ca. 10 w%).

Conclusions

To obtain the desired multifunctional material for the catalytic conversion of CO2, the 

framework of NU-1000 was modified with amino (-NH2) and thiol (-PrSH) groups, installed 

in the linker and metal nodes, respectively. Copper active sites were added to the pores through 
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impregnation of a Cu2+ salt and further reduction to obtain the NU-1000-NH2/PrS-Cu active 

catalyst. This product is anticipated as a single-atom catalyst incorporating Cu+/Cu0 active 

metal sites electronically stabilized in the channels by bonding with added thiolate (-S-) 

functionality, which avoid migration of copper atoms along the channels and their further 

aggregation into NPs. Additionally, high effectiveness for CO2 conversion is expected by the 

favoured adsorption of the gas molecule on the ad hoc created -NH2 sites, bringing CO2 in 

close proximity to the catalytically active Cu+/Cu0 sites. Remarkably, MOF channels remain 

adequately accessible for the diffusion of reagents and products in a further catalytic reaction. 

For the target application, NU-1000-NH2/PrS-Cu is used either as a powder in thermocatalysis 

or deposited on a conducting substrate in electrocatalysis. The electrocatalytic reduction of CO2 

suggested the formation of formic acid as main product. The NU-1000-NH2/PrS-Cu is a clear 

example of a catalyst useful in the CO2 hydrogenation reaction performed under mild reaction 

pressures, anticipated in future CO2-to-methanol processes for safety and economic basis. A 

vital advantage is the extraordinary MeOH production rate at only 1 MPa (STYMeOH of ca. 100 

mgMeOHgcat
-1h-1 at 280 ºC), which overcomes that of commercial CuZnO NPs designed for this 

purpose. Even more importantly, the MeOH selectivity with respect to CO can be maintained 

close to 100 % up to temperature values of at least 280 ºC, which would allow to reduce the 

kinetically-limited activation of the inert CO2 molecule.
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Figure 1. Schematic representation of the followed steps to synthesize NU-1000-
NH2/PrSH-Cu, emphasizing in the purpose of the installed functionalities and including 
the color variation of the powder.
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Figure 2. Schematic representation of NU-1000-NH2/PrS-Cu@support preparation.
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Figure 3. Adsorption behavior: (a) N2 adsorption-desorption isotherms at -196 ºC and (b) 
CO2 adsorption isotherms at 0 ºC of the studied samples compared to pristine NU-1000.

(a) (b)
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Figure 4. Characterization before and after thermal reduction: SEM images and Zr vs. Cu 
EDS line scans of (a,b) NU-1000-NH2/PrSH-Cu(For)2 and (c,d) NU-1000-NH2/PrS-Cu, 
respectively; and XPS spectra of (I) NU-1000-NH2/PrSH-Cu(For)2 and (II) NU-1000-
NH2/PrS-Cu in the (e) N1s, (f) S2p and (g) Cu2p regions, displaying the respective 
deconvoluted peaks.

(a)

(c)

(b)

(d)

(e) (f) (g)

Page 32 of 36Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

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
 1

9 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

3/
07

/2
02

4 
8:

18
:3

6 
. 

 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-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4TA03268C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ta03268c


Figure 5. Microscopic characterization of NU-1000-NH2/PrS-Cu particles: (a) SEM and 
(b, c) TEM micrographs.

(a) (b) (c)

Page 33 of 36 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

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
 1

9 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

3/
07

/2
02

4 
8:

18
:3

6 
. 

 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-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4TA03268C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ta03268c


Figure 6. SEM micrographs of the samples tested for electrocatalysis: (a,b) NU-1000-
NH2/PrS-Cu@FTO and (c,d) NU-1000-NH2/PrS-Cu@rGO taken from different angles.

(a) (b)

(c) (d)
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Figure 7. Characterization and results of the sample tested for thermocatalysis: (a) PXRD 
of NU-1000-NH2/PrS-Cu before and after testing, (b,c) SEM image and Zr vs. Cu EDS 
line scan of NU-1000-NH2/PrS-Cu after testing, and (d) MeOH space-time yield (STY) 
and (e) MeOH selectivity (SCH3OH) of NU-1000-NH2/PrS-Cu compared to commercial 
CuZnO/Al2O3 at the different studied temperatures.

(a) (b) (c)

(d) (e)
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