This is the accepted version of the article published in the final form in
ACS Appl. Energy Mater. 2023, 6, 1, 439-446.
ACS Publiarions
DOI: 10.1021/acsaem.2c03410
This article may be used for non-commercial purposes in accordance with the ACS Terms and Conditions

https://doi.org/10.1021/acsaem.2c03410

Carbon-phosphorus-nitrogen materials as highly
thermally stable catalyst supports for CO»

hydrogenation to methanol

Adi Azoulay?, Alberto Garcia Baldov??, Josep Albero?, Noa Azaria‘, Jonathan Tzadikov’, Ayelet

Tashakory?, Neeta Karjule’, Shmuel Hayun‘, Hermenegildo Garcia®, and Menny Shalom™

“Department of Chemistry and Ilse Katz Institute for Nanoscale Science and Technology, Ben-

Gurion University of the Negev, Beer-Sheva 8410501, Israel.

bInstituto Universitario Mixto de Tecnologia Quimica (UPV-CSIC), Universitat Politécnica de

Valeéncia, Avda. de los Narajos s/n, 46022, Valencia, Spain.

‘Department of Materials Engineering, Ben-Gurion University of the Negev, Beer-Sheva,

Israel.

Keywords: Supramolecular assembly, metal-free material design, Cu-Fe catalyst, thermaly

stable catalyst support, CO2 hydrogenation to methanol, heterogenous catalysis

ABSTRACT: The direct conversion of CO2 into methanol through hydrogenation reactions by

heterogeneous catalysts is considered a promising green approach for fuel production. The


Michael Volokh
This is the accepted version of the article published in the final form in 
ACS Appl. Energy Mater. 2023, 6, 1, 439–446. 
ACS Publiarions
DOI: 10.1021/acsaem.2c03410
This article may be used for non-commercial purposes in accordance with the ACS Terms and Conditions

Michael Volokh
https://doi.org/10.1021/acsaem.2c03410


most researched catalyst for methanol formation is Cu, usually in combination with other
metals, dispersed on different substrates. However, several challenges, such asthe low
stability, activity, and selectivity of the catalyst hinder further progress. Here we present
catalysts consisting of Cu and Fe nanoparticles deposited on lightweight carbon-phosphorous-
nitrogen (CPN) materials as the support for CO2 hydrogenation to methanol. Detailed analysis
reveals a correlation between the elemental composition of the CPN supports and their CO2
adsorption capability, which benefits CO2 conversion to methanol. The unique elemental
composition ensures uniform dispersion of both Cu and Fe nanoparticles on CPN and prevents
the oxidation of the Cu active sites during the reaction. The best performing of the catalysts
exhibits a remarkable methanol production yield of 9.82 mol kge.e! h™' at 250 °C under 20 bars,
with good methanol selectivity, negligible CO formation, and good stability for 12 h under

harsh conditions.

Introduction

The development of sustainable and renewable carbon-neutral fuels and chemicals has been
proposed as an appealing approach to mitigate CO2 emissions.! The direct conversion of CO2
into liquid fuels, such as methanol, through hydrogenation reactions using H> has attracted
massive attention. Several pilot plants based on this approach have already been installed, with
production capacities as high as 45,000 t/year.?3

Methanol is among the top ten commodity chemicals (30 x 10 Mt/year)*, and it is typically

produced in the industry at high temperatures (200-300 °C) and pressures (5-10 MPa) to



achieve cost-effective conversion rates. Catalytic CO: hydrogenation (Equation 1) is
considered impractical for industrial use, owing to the poor activity of the relevant catalysts.
Moreover, competitive reactions occur in parallel at low temperatures and high pressures,
particularly CO formation through the reverse water—gas shift reaction.>® Therefore, highly

efficient and robust catalysts are needed to increase the reaction rate and selectivity.

CO, + 3H, - CH;0H + H,0; AHZyqx = —49.5 k] mol™* (1)

The most widely used catalyst for methanol synthesis via CO2 hydrogenation has been
Cu/ZnO/Al205%19, although a large variety of Cu-based catalysts supported on different metal
oxides (e.g., Cu/ZnO/ZrO, Cu/CeO2/TiO, and Pd-Cu/SiO2), graphene-based materials, and
MOFs have been investigated.!'"!* Nevertheless, the catalytic performance of these Cu-based
catalysts is still unsatisfactory because of the simultaneous formation of water (Eq. 1) as by-
product promoting sintering and oxidation of the Cu active sites during the reaction, which
leads to catalyst deactivation.!*!> Besides, high Cu loadings also promote sintering, which limits
the Cu content on the support.’® Finally, CO is typically produced as a consequence of the
reverse water—gas shift reaction occurring in parallel to the hydrogenation of CO: to methanol
at low temperatures.!” For these reasons, the design of new catalysts exhibiting high activity,
selectivity, water tolerance, and stability is essential for the industrial development of CO2
hydrogenation to methanol.'”® Over the last few years, metal-free materials have received
considerable attention as catalyst supports owing to their favorable properties, such as high
specific surface area, high mechanical strength, and strong metal-support interaction, which

promote better metal dispersion and improve stability.!>!°2! We recently reported the



preparation of phosphorous-nitrogen-carbon materials with controllable elemental
composition and structural, electronic, and thermal stability.”? These materials exhibit
remarkable stability up to 970 °C in air and may be suitable for use as sustainable lightweight
supports for metal-based catalysts.

The present study shows that Cu and Fe nanoparticles deposited on lightweight carbon-
phosphorous-nitrogen materials exhibit excellent activity as catalysts for CO2 hydrogenation
to methanol, along with good stability. Our results show a high methanol production rate of
1.53 mol of MeOH kgcr! h™! at 250 °C and under 20 bar, with notable stability of the catalyst
and minor decay in the yield over the time. HRTEM analysis before and after the reaction
revealed minor changes in the Cu and Fe nanoparticle morphology and oxidation state. This
improved stability, which we attribute to a strong metal-support interaction, makes this

catalyst support suitable to stand harsh conditions of the CO2 hydrogenation to methanol.

Materials and methods

Materials. Melamine (99%, Alfa Aesar), Orthophosphoric acid (HsPOs 85 wt%, Bio-Lab
Chemicals), 2-propanol (LOBA Chemie), nitric acid (HNOs 67-69 wt%, trace metal grade,
Fisher Chemical), copper(Il) nitrate trihydrate (purum p.a., 98.0-103%, Sigma—Aldrich),
Iron(III) nitrate nonahydrate (99+%, Acros Organics), and acetone (Bio-Lab AR grade) were
used without further purification. Deionized water was purified using a Millipore Direct-Q3

water purification system (18.2 M€ cm resistivity) and was used as a solvent in all experiments.



Synthetic procedures of carbon-phosphorus-nitrogen composites. First, MPA«x crystalline
precursors were prepared by dissolving 2 g of melamine in 150 mL of DI water, followed by
the addition of certain amounts of phosphoric acid (85 wt% in H20) to obtain molar ratios of
1:2, 1:1, and 2:1 (melamine: H3POs). The reaction mixtures were then placed on a pre-heated
heating plate (85 °C) and mixed thoroughly. After 1 h reaction time, each mixture was
naturally cooled down to room temperature for another 1 h, and filtered to extract the
corresponding MPA xsupramolecular precursor. All MPA« precursors were washed three times
with water and then acetone.

The MPA precursors were transferred to lidded ceramic crucibles and calcined under N2
atmosphere in a muffled furnace. The calcination process started by heating the precursors to
90 °C for 1 h to remove impurities. The temperature was then gradually increased to 800 °C at
a constant heating ramp of 3 °C min™. Lastly, the precursors were kept at this temperature for
4h to complete the condensation procedure.

Cu and Fe deposition on CPN:. CuFe/CPN: catalyst was synthesized by dispersing 100 mg of
CPN1 in 20 mL MilliQ water using a tip sonicator (400W) for 0.5 h. An aqueous solution of
copper(Il) nitrate trihydrate was prepared by dissolving 7.5 wt% Cu in MilliQ water. The
obtained solution was then added dropwise to the CPN1 dispersion and kept under continuous
stirring overnight at 60 °C to ensure water evaporation. After drying the resulted Cu(II)-CPN:
at 100 °C for 3 h, it was thermally reduced to Cu’-CPN:iunder H2:N2 (5:95, v/v) environment
at 350 °C for 3 h (heating ramp of 10 °C min). The reduced Cu/CPN: was impregnated with

Fe(III) by using iron (III) nitrate nonahydrate aqueous solution containing 5 wt% of Fe in the



same manner. CuFe/CPN: was then washed with water and acetone to eliminate metallic salts
residues.

Characterizations. XRD experiments were performed using a PANalytical's Empyrean
diffractometer equipped with a position-sensitive detector X'Celerator. FTIR measurements
were carried out on a Thermo Scientific Nicolet iS5 FTIR spectrometer equipped with a Si
ATR. Nitrogen adsorption—desorption isotherm measurements were conducted at -196 °C
using an ASAP 2020 (Micrometrics, Norcross, GA) instrument. The surface areas were
measured by the Brunauer-Emmett-Teller (BET) method. Ten-point adsorption isotherms of
nitrogen were collected in the P A relative pressure range (/b = saturation pressure) of 0.05—
0.30; pore diameter and volume were calculated using the Barrett-Joyner-Halenda (BJH)
method. Prior to analysis, each sample was degassed under vacuum at 150 °C for 8 h. CO: full
isotherm measurements were obtained using the same instrument at 25 °C. The CO:
adsorption—desorption data were collected in the range of 0-800 mmHg (absolute pressure).
Prior to analysis, each sample was degassed under vacuum at 150 °C for 8 h.

SEM images of MPA. supramolecular assemblies and CPNx materials after calcination were
captured using a FEI Verios 460L high-resolution SEM equipped with a FEG 2S source and
operated at 3.0 kV for imaging. All SEM samples were sputtered with gold (Au) before analysis.
A JEOL JEM-2100F analytical TEM operated at 200 kV was used for HRTEM imaging,
Scanning TEM (STEM) and EDS analysis. STEM was performed using a GATAN 806 HAADF

(high-angle annular dark-field) STEM detector. EDS was performed using a JED-2300T energy



dispersive X-ray spectrometer. The probe size during the analysis was set to 1 nm. The software
JEOL Analytical Station (v. 3.8.0.21) was used to analyze the EDS data.

XPS was performed with a Thermo Fisher Scientific ESCALAB 250 using monochromated
Ko X-rays (1486.6 eV). The data was collected with a scanning time of ca. 7 min over a 26
range of 5° to 60° using Cu Kot radiation (1= 1.54178 A, 40 kV, 30 mA). Elemental analysis data
for carbon, nitrogen, and hydrogen (CNH) was collected using a Thermo Scientific Flash Smart
elemental analyzer OEA 2000. Samples for inductively-coupled plasma optical emission
spectrometry (ICP OES) were prepared by dissolution in concentrated nitric acid in a PTFE-
lined autoclave for 8 h at 180 °C and were then analyzed using a Spectro ARCOS ICP-OES,
FHX22 multi-view plasma instrument (radial configuration). All MAS NMR experiments were
carried out on a Bruker Avance III 500 MHz narrow-bore spectrometer, using a 4 mm double-
resonance MAS probe at a spinning rate of 8 KHz. 3C CP MAS experiments were carried out
using a 2.5 ps 1H 90° pulse, a 2 ms mixing time, and a 3 s recycle delay between acquisitions.
31P CP MAS experiments were carried out using a 2.5 ps '"H 90° pulse, 3 ms mixing time and a
5 s recycle delay between acquisitions. 3'P direct excitation experiments were carried out with
use of a 3.860 ps 90° pulse and a recycle delay of 15 s.

CO2 hydrogenation to methanol set-up: CO2 hydrogenation experiments were carried out in
a pressurized stainless steel fixed bed reactor under continuous gas flow of a diluted CO2:H2
mixture (3:1, v:v). The evolved gases were analyzed using a gas chromatography-mass

spectrophotometer from Agilent (QP 6890 N) containing an HP5 column and EM detector



(from 5 to 700 uam), and the products were quantified by gas chromatography using a Varian
3900 with FID detector and HP5 column, TRB-5, 30 m length and 0.25x0.25.
Results and Discussion

Characterization of melamine-phosphoric acid supramulecular precursors. MPA x precursors
(M stands for melamine, PA for phosphoric acid, and x= 2, 1, or 0.5 represents the molar ratio
between melamine and phosphoric acid) were prepared by mixing melamine and phosphoric
acid monomers in an aqueous solution for 1 h at 85 °C, then cooling the mixture to room
temperature for another 1 h to complete the crystallization process. After filtration, the MPAx
crystals were washed several times with water and acetone to remove unreacted residues. The
altered molar ratio of the starting monomers strongly affects the composition of the MPAx
precursors and their crystal structure, which leads to significant changes in their X-ray
diffraction (XRD) spectra (Figure 1a).?? Fourier transform infrared (FTIR) measurements of the
MPA precursors reveal the establishment of a hydrogen-bonded supramolecular framework
(Figure 1b), as evidenced by the disappearance of the two sharp peaks at 3420, and 3470 cm™

corresponding to the free amine groups in melamine.
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Figure 1. (a) XRD patterns and (b) FTIR spectra of MPAx precursors and melamine. (c)

Phosphorous concentrations (wt%) in MPAx, provided by ICP-OES and their (d—f) TGA

profiles under a N2 environment.

Inductively-coupled plasma optical emission spectroscopy (ICP-OES) and elemental analysis
(EA) measurements of the MPAx supramolecular precursors show that the elemental
composition in the final crystal is controlled by the starting M:PA molar ratio (Figure 1c and
Table S1). Indeed, a more elevated phosphorus content and lower carbon and nitrogen
concentrations were obtained in the MPAxprecursor, prepared with a lower M:PA molar ratio.
The thermogravimetric analysis (TGA) curve of MPA2 implies that when melamine is in
excess, its self-condensation is favored at the expense of condensation with phosphoric acid,
resulting in a significant mass loss at 290 °C (Figure 1d).” Meanwhile, the TGA profiles of both

MPA:1 and MPAos show their superior thermal stability during calcination and higher mass



yields of 23 and 26%, respectively. This lesser mass lose is probably due to an increased number
of interactions between melamine and phosphoric acid, which disfavors melamine sublimation
(Figure 1e, 1f).

Scanning electron microscopy (SEM) images of the MPA« supramolecular precursors reveal
smooth and ordered structures, where the initial M:PA molar ratio determines the shape of

each precursor crystal (Figure 2a—c).
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Scheme 1. Preparation of MPA: supramolecular aggregate, followed by calcination at 800 °C

to form CPNu.

Characterization of Carbon-phosphorus-nitrogen materials. Carbon-phosphorus-nitrogen
(CPNx, where xis the initial M:PA molar ratio) materials were prepared by thermal treatment
of MPA«precursors at 800 °C for 4 h under a nitrogen environment to ensure full condensation
and the formation of thermally stable P-N bonds within the structure (the complete synthetic
procedure is illustrated in scheme 1). The well-defined size and shape of the precursor enable
the transfer of their macrostructures to the final CPNx materials, as shown in the SEM images

(Figure 2d—f). This observation agrees with previous reports, which demonstrate the merit of
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using supramolecular crystalline materials as precursors to control the structure of the final
materials.?>?4? The XRD patterns of the CPNx display signals corresponding to an amorphous
structure, with a single broad diffraction peak located at 23.1° (Figure Sla). FTIR spectra
confirmed the formation of a polyphosphazene network: the C-O-P stretching vibration is
visible at 750 cm™, and the stretching modes of phosphate groups,  P-O-P)?*® and WP=0),”
and heptazine units, C-N/C-N=C)? can be seen at 915, 1222, and 2162 cm™!, respectively
(Figure S1b).

The elemental composition of the CPNx materials is directly related to the distribution of P,
N, and C in the precursors; nevertheless, their P content values are close to each other (Figure
Slc and Table S2). The CPNxmaterials mainly contain phosphorus and nitrogen elements after
calcination at 800 °C. In contrast, the carbon content is low, owing to the formation of a
thermodynamically favorable P-N network during the calcination process. X-ray
photoelectron spectroscopy (XPS) P 2p spectra of CPNx (Figure S2a) show two signals centered
at 133.8-134.4 and 136.0-136.8 eV, the former corresponding to -N=P and —P-N species and
the latter to oxidized phosphorus (POx).?” The N 1s spectrum of CPN: reveals four peaks, at
397.5, 398.7, 399.7, and 401.0 eV, related to -N=P and —-P-N species, pyridinic nitrogen group
(C-N=C), neutral nitrogen (-NH-) and positively charged nitrogen (-NH*-), respectively
(Figure S2b).3932 These peaks indicating the formation of a polyphosphazene scaffold are
observed in all CPNxmaterials. C1s core-level spectra on the surface of CPNx exhibit four peaks
at 284.8, 286.4-286.6, 288.2-288.5, and 290.0-290.4 eV, assigned to sp? C-C, C-O, C=N-C, and

O=C-O0, respectively (Figure S2c).?> Ols spectra confirm the presence of all the oxide species

11



mentioned above, along with the addition of components attributed to the naturally adsorbed

water molecules on the materials’ surface (Figure 52d).%

Figure 2. SEM images of (a—c) MPAx crystalline precursors and (d—f) their corresponding

products after calcination at 800 °C.

Adsorption properties. CO2 full isotherms and N2 sorption measurements of the CPNs show
that they are made of mesoporous structures with considerable CO: capture capacity (Figure
S3). CPN2 shows the highest CO2uptake, 0.16 mmol g-!, whereas CPN1 and CPNos have slightly
lower CO2 capacities: 0.14 and 0.13 mmol g, respectively. These values are similar to that
reported for bulk polymerized ionic liquids (ca. 0.13 mmol g), which are functional materials
commonly used for CO: capture and separation.* In contrast with their CO2 affinity, the CPNx
materials exhibit low specific surface areas as determined from N2 sorption measurements (6.84
+0.06,5.64 + 0.20, and 3.77 + 0.08 m? g-! for CPN2, CPN1, and CPNos, respectively), suggesting

that their elemental composition and/or the presence of ultramicropores are the main factors

12



behind their CO: adsorption capability (Table S3). The enhanced CO: uptake in CPN2 could
be related to its higher carbon content, which increases the surface polarity of the carbon-
phosphorous-nitrogen-based material and thereby amplifies the uptake of CO2.% Furthermore,
CPN: displays a smaller BJH (Barrett-Joyner-Halenda) adsorption average pore width than
CPN: and CPNos, contributing to its superior CO2 capture capacity.* Considering the low
surface area of the CPNs, which reduces the adsorption uptake per contact area, these values
of CO2 adsorption are remarkably high.

Thermal stability of carbon-phosphorus-nitrogen. TGA studies of the CPNxmaterials in air
demonstrate their high thermal stability, a consequence of the large number of PN bonds
within their structure (Figure S4). Although CPN2 shows the highest CO: capacity, it presents
the lowest oxidation resistance, with a 10% increase in material mass at 250 °C, which is likely
due to the oxidation of surface carbon species. CPNiand CPNos undergo a mass increase of 2
and 6% at the same temperature, respectively. These results highlight the good oxidation
resistance of CPN: compared to the other CPNs, positioning it as the most suitable substrate
for high-temperature catalysis, where self-oxidation plays a prominent role in catalyst
deactivation.

Additional structural and morphological properties of CPN1. We conducted 3'P and *C solid-
state magic-angle spinning (MAS) nuclear magnetic resonance (NMR) experiments to
elucidate the reaction pathway and analyze the CPN: material calcined at 800 °C (Figure S5
and Figure S6). To help with the former, we synthesized three intermediates at different

calcination temperatures; 350, 450, and 550 °C. The 3P NMR spectrum of the MPA:
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supramolecular precursor shows three peaks from —1 to 4 ppm. According to the modeling we
applied in our previous work, these peaks probably correspond to a phosphoric acid molecule
attached to a deprotonated melamine unit.?? The CPN: 350 3'P NMR signals are shifted to more
negative values, from —20 to —30 ppm, revealing the formation of P-N bonds during the
calcination procedure.’’” After thermal treatment at higher temperatures (450 and 550 °C), a
unique broad signal was recorded, at a negative shift, indicating the amorphous nature of the
sample, which probably consists of a mixture of different PNxOsx species. The 3'P NMR
spectrum of CPNi calcined at 800 °C shows three sharp peaks centered around 0, 10, and 23
ppm. These characteristic peaks are attributed to orthophosphate, pyrophosphate, and
polyphosphate functional groups, respectively, and further corroborate the condensation of
phosphoric acid and melamine molecules within the MPA: precursor into a fully polymerized
structure.?® The 13C solid-state NMR spectrum of MPA: and those of the CPNi intermediates
display two main signal groups around 158 and 164 ppm, corresponding to triazine carbon (C—
N3) and carbon attached to amine groups (C-NHx), respectively. In congruence with the ICP
results, no signal was detected in the C NMR spectrum of CPN: 800 °C, owing to the
negligible carbon content of the sample.

High-resolution transmission electron microscope (HRTEM) images of CPN: indicate the
formation of an amorphous structure (Figure 3a). High-angle annular dark-field (HAADF-
STEM) reveals that the material consists of macroporous structures of different sizes

throughout the sample, which agrees with the CO: adsorption isotherms (Figure 3b). Figure
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3c—f also support the formation of a carbon-nitrogen-phosphorous scaffold, each element being

homogeneously distributed throughout the sample.

Figure 3. CPN: (a) TEM, (b) HAADF-STEM, and (c—f) EDS images.

Applicability of CPNxin heterogenous catalysis. To evaluate the activity and stability of the
CPNx materials as lightweight metal-free supports in catalytic reactions at high temperatures,
we deposited Cu and Fe nanoparticles on CPNi. While the typical alloy in CO2 hydrogenation
to methanol is Cu-Zn alloy, the combination of Cu and Fe is much less explored. Then, we
studied the catalytic activity of the resulting supported catalyst for CO2 hydrogenation. We
selected CPN: as a stable metal-free support on account of its superior resistance to oxidation

at high temperatures, good CO: adsorption capacity, and small average pore width. A
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CuFe/CPN: catalyst was synthesized by wet impregnation of CPN: with a copper (II) nitrate
aqueous solution to obtain a Cu concentration of 7.5 wt%, followed by thermal reduction
under a H2:N2 (5:95, v/v) atmosphere to afford Cu% CPN1, and subsequent impregnation of the
reduced Cu/CPN1 with an iron (III) nitrate nonahydrate solution to form 5 wt% of iron content
followed by HzN2 (5:95 v/v) reduction treatment. The resulting CuFe/CPN: catalyst was
washed several times with water and acetone to remove unreacted metal salts. The chemical
states of CuFe/CPN:1 were determined via XPS measurements. The presence of a doublet at
933.3 and 952.7 eV in the Cu core-level spectrum shows the formation of CuO, indicating the
spontaneous oxidation of Cunanoparticles upon storage in air (Figure S7a). Another doublet
at 936.1 and 955.5 eV, accompanied by satellite peaks at 943.0 and 962.8 eV, is assigned to
Cu(OH)2.* The Fe 2p electronic configuration is deconvoluted into three doublets,
corresponding to FeO and Fe20s (FeO is associated with the doublet peak at 711.0 and 723.8
eV, Fe:0s with the doublet at 713.4 and 726.3 and its satellite doublet at 717.0 and 728.8 eV)
with no evidence for the presence of metallic iron (Figure S7b).* Overall, the XPS C 1s, N 1s,
and P 2p spectra of CuFe/CPN:1 show only a few changes after the addition of metal, namely,
no amine (—NH-) group is detected in the N 1s spectrum and the peaks are shifted to higher
values, probably a reflection of the charge transfer of the CPN1 to the metal oxide on the sample
surface (Figures S7 c—e). The O 1s XPS spectrum verifies the formation of metal oxides and
other oxides species mentioned above (Figure S7f). The XRD pattern of CuFe/CPN: further
confirms the formation of CuFe metallic sites on the CPN: support after the reduction

treatment (Figure S8). The ICP data reveals a metal loading of 5.98 wt% Cu and 3.02 wt% Fe
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on CPNi. We chose this metal composition to see if the current limitations of Cu/Zn0O/Al20Os
in terms of low activity and insufficient selectivity can be overcome by a different Cu alloying
in a metal-free support. Precedents on the use of Cu-Fe combination for CO2 hydrogenation

to methanol are reported in the literature.*
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Figure 4. (a) CO2 conversion, MeOH selectivity and productivity for CO2 hydrogenation
catalyzed by CuFe/CNP;1 for 2 h at different reaction temperatures. (b) Evolution of conversion,
selectivity and productivity at a reaction temperature of 300 °C over 12 h. Reaction conditions:

20 bar, 15 mL/min COz, 3:1 v:v, H2:CO2, 100 mg catalyst.

CuFe/CPN:1 catalyst performance. Considering the presence of Cu and Fe oxide species on
the surface revealed by XPS, the catalysts were activated at 300 °C for 1 h under pure hydrogen
flow before the reaction to reduce these surface metal-oxides species. The catalysts were then
exposed to a flow of 15 mL/min of CO2 and H: (3:1, v:v) at various temperatures in the range
200-300 °C with 20 °C increments. At each temperature the reactor was allowed to equilibrate

for 1 h and then the composition of the reaction mixture was analyzed by gas chromatography
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in triplicate at 15 min interval. Differences in the three measurements were lesser than 10%.
The main reaction products, methanol, ethanol, and methane, were accompanied by lesser
amounts of ethane and CO.

The results of the activity test for CuFe/CPN1 regarding CO: conversion and methanol
selectivity are summarized in Figure 4a. As expected, CO: conversion increased with
temperature, from 8.9% (at 200 °C) to 35.8% (at 300 °C). In contrast, methanol selectivity
exhibited the inverse trend. However, due to the higher CO: conversion, the CHsOH
production rate also increased as a function of temperature, from 0.015 to 9.82 molcy, oy kgea™
I'h™! at reaction temperatures of 200 to 300 °C, respectively. At 200 °C, when CO: conversion
was 9.3%, the major product was methanol (65%), accompanied by a rather notable percentage
of ethanol (26%), giving a remarkable combined alcohol selectivity over 90%. The maximum
methanol selectivity was achieved at 225 °C (79%) and a CO2 conversion of 12.6%. However,
at 250 °C, the main product was CHs (76%), and CH3OH selectivity decreased to 21%. Further
increasing the reaction temperature resulted in lower MeOH selectivity, with methane as the
major product. Interestingly, CO selectivity was consistently below 5% in the temperature
range under study. Control experiments using CPN1 in the absence of Cu and Fe revealed no
catalytic activity under the same conditions, indicating that Cu and Fe are the active sites.

The catalytic data achieved with CuFe/CPN: compare favorably with data report in the
literature. Table S4 in the supplementary information provides a summary of reported data

relevant to provide a valid assessment of the CuFe/CPN1 performance. Thus, for instance, for
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Cu-Fe alloy supported on Al2O3 or Al2O3/CeO:2 no methanol formation was observed.*#
Cu/Fe20s afforded at 230 °C only 6.3% methanol selectivity at a CO2 conversion of 6.6%.% The
data presented in Figure 4 are similar, but still better, than those typically reported for the Cu-
Zn alloys. As an example, Cu/ZnO/ZrO: exhibits at 240 °C a CO:2 conversion of 17.6% with a
49% methanol selectivity.* It is proposed that the catalytic performance of CuFe/CPN1 is due
to the activity of Cu-Fe alloy with a strong interaction with the CPN1 support as indicated by
XPS binding energy. In addition, H> activation is easier, forming metal hydride species spilt
over the metal nanoparticle surface. CO2 adsorption on basic sites will lead to the formation of
surface-bound HCOO* species that subsequently will form metal-bound CO. species on the
way to CH3O- intermediates.*’*

Importantly, the CuFe/CPN1 stability after extended use was confirmed by a catalytic test
carried out at 300 °C for 12 h (Figure 4 b). CO:2 conversion increased with time from 33 to
47.3%, and MeOH selectivity remained acceptably stable during the 12 h experiment. HRTEM
images of the CuFe/CPN: before and after the reaction evidenced no substantial particle size
or shape changes, emphasizing the remarkable stability of CuFe/CPN: under these harsh
conditions (Figure S9).

Conclusions

The preparation of a stable, lightweight metal-free catalyst support that shows
unprecedented oxidation resistance under the harsh conditions of the CO2 hydrogenation to
methanol has been reported. To do so, we designed carbon-phosphorus-nitrogen-based

precursors with controllable elemental ratio, morphology and structural properties by using
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highly ordered supramolecular assemblies of melamine and phosphoric acid as precursors.
Detailed structural analysis and CO2 adsorption measurements reveal a correlation between
the elemental composition of the CPNs and their CO: adsorption capability, which benefits
CO:2 conversion to methanol. The unique surface features of CPNs also ensure the uniform
dispersion of both Cu and Fe nanoparticles on CPN: and prevent sintering and the oxidation
of the Cu active sites during the reaction. The new CuFe/CPN: catalyst exhibits a remarkable
methanol production yield of 9.82 mol kgec? h™' at high temperature and pressure (250 °C, 20
bar). Moreover, thanks to the high thermal stability of the CPN: substrate and the strong
metal-support interactions provided by its particular elemental composition, the supported
CuFe/CPN:1 catalyst exhibits good stability throughout a 12 h experiment under harsh

conditions.

ASSOCIATED CONTENT

Supporting Information. EA of MPAx, characterization of CPNx(XRD, FTIR, EA, XPS, CO: full
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related catalysts.
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Table 1. Elemental analysis data wt% of MPA« supramolecular precursors.

Element P N C H O
MPA: 7.83 43.47 18.90 4.83 24.97
MPA: 10.82 40.72 17.76 4.46 26.24
MPAGos 13.49 36.98 16.17 412 29.24
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Figure S1. CPNx 800 (a) XRD patterns, (b) FTIR spectra, and (c) phosphorous contents(wt %)

as determined by ICP-OES.

Table S2. Elemental analysis data in wt% of CPNx 800.

Element p N C H @)
CPN: 46.17 39.99 4.67 0.27 8.90
CPN: 46.99 39.42 4.41 0.28 8.90
CPNos 47.36 37.56 3.85 0.37 10.86

S-2



—
QU
~
—
(=2
~—

Intensity (a.u.)
Intensity (a.u.)

142 140 138 136 134 132 130 402 400 398
Binding Energy (eV) Binding Energy (eV)

—
(2]
~—
—
(=8
S—

Intensity (a.u.)
Intensity (a.u.)

294 290 288 286 284 282 538 536 534 532 530 528
Binding Energy (eV) Binding Energy (eV)

Figure S2. High-resolution XPS spectra of CPNx 800 materials for (a) P 2p, (b) N 1s, (c) C 1s,

and (d) O 1s.

(a) (b)
__ 0.8
o 0.16- £1.0{ —=—CPNy,
> ! =) —e—CPN,
S 0.14 5
£ ] 208{ ——CPN,
£ 012 £

0.10 =
3 ] T 0.6
2 0.08- 2

) o
§ 0.06 2041
® 0.04 S
2 ] 0.2
= 0'02-. —a—CPN,, E '
5 000] -+ —e—CPN, 3
- 1 .
& -0.02- —=—CPN, s
-6 5 4 3 2 - 00 02 04 06 08 10
Log (P Po'1) Relative pressure (P P,™")

S-3



Figure S3. (a) CO2 adsorption isotherms and (b) N2 adsorption—desorption isotherms (77 K) of

CPNx materials.
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Figure S4. TGA curves under air of CPNx(inset: magnified view up to 400 °C).

Table S3. BET surface area and average pore width of CPNx materials.

Material BET surface area (m? g™') BJH adsorption average pore
width (nm)

CPN: 6.84 + 0.06 10.59

CPN: 5.64+0.20 14.09

CPNos 3.77 + 0.08 39.79
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Figure S5. 3'P CP MAS NMR spectra of the MPA: co-crystal and the products of its calcination

at different temperatures.
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Figure S6. °C CP MAS NMR spectra of the MPA1 co-crystal and the products of its calcination

at different temperatures.
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Figure S7. High-resolution XPS spectra of CuFe/CPN: for (a) Cu 2p, (b) Fe 2p, (c) C 1s, and (d)

P 2p, (e) N 1Is and (f) O 1s.
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Figure S8. XRD pattern of CuFe/CPN:. Black triangles: cubic CuFe, PDF 92-152-4702 (ICDD

card, 2002 database).

Table S4. Comparison of the catalytic activity of CuFe/CPN; with

reported in the literature under analogous conditions.

those or related catalysts

Catalyst Reaction | P(atm) | H2:CO2 | Conv. | MeOH CcO Ref.
T2 (°C) ratio (%) select. (%) | selec.(%)

Fe-Cu/ALO3 500 1 4 55 - 100 1
Cu-Fe/CeO2- 500 1 4 45 - 100 2
ADLO3

Cu/MgO-TiO:2 | 230 30 3 0.6 30 70 3
Cu/Fe203 230 30 3 6.3 6.6 25.4 4
Cu-Zn-Ga 240 45 2.8 27 50 - 5
Cu/ZnO/ZrO2 | 240 30 3 176 |49 - 6
Cu-Zn-Al-Zr | 250 50 3 25 48 - 7
CuFe/CPN; 225 20 3 126 |79 <5 This

work
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Figure S9. CuFe/CPN:1 TEM images (a) before and (b) after 12 h reaction.
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