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ABSTRACT: We report the use of the Zr-based metal-organic frameworks (MOFs) MOF-545 and
MOF-545(Cu) as supports to prepare catalysts with uniformly and highly dispersed Ni nanoparticles
(NPs) for CO» hydrogenation into CHy. In the first step, we studied the MOF support under catalytic
conditions using operando Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectroscopy, ex-
situ characterizations (PXRD, XPS, TEM, EDX-element mapping) and DFT calculations. We showed
that the high-temperature conditions undoubtedly confer a potential for catalytic functionality to the
solid towards CH4 production, while no role of the Cu could be evidenced. The MOF was shown to be
transformed into a catalytically active material, amorphized but still structured with dehydroxylated
Zrs-oxoclusters, in line with DFT calculations. In the first step, Ni@MOF-545 catalysts were prepared
using either the impregnation (IM) or double solvent (DS) methods, followed by a dry reduction route
under H» to immobilize Ni NPs. The highest catalytic activity was obtained with the Ni@MOF-545
DS catalyst (595 mmolcus gni! h!') with 100% CHy selectivity and 60% CO; conversion after ~3h. The
much higher catalytic activity of Ni@MOF-545 DS is a result of much smaller (~ 5 nm) and better
dispersed NiNPs than in the IM sample (20-40 nm), the latter exhibiting sintering. The advantages of
the encapsulation of Ni NPs by the DS method and of the use of MOF-545-based support are



discussed, highlighting the interest of designing yet-unexplored Zr-based MOFs loaded with Ni NPs
for CO; hydrogenation.

INTRODUCTION

The conversion of CO, into commercially valuable chemicals (such as methane,'? formic acid,>*
methanol,® and ethanol®®) is a promising strategy as a way to move towards a low-carbon chemical
industry. The CO, methanation reaction (CO, + 4H, - CH4 + 2H»0, AHxsx = -164 kJ/mol), also
named the Sabatier reaction, was first reported in 1902.° The conversion of CO, to methane consumes
hydrogen gas, which can be produced by solar-driven water splitting or water electrolysis using
renewable electricity.'? Interestingly, CO, methanation is an attractive option for renewable hydrogen
storage as methane has a higher chemical energy density than hydrogen, and also because our society
has all the infrastructure needed to transport, store and burn methane. Pd, Ru, Rh and Ni-based
catalysts were reported for CO, methanation over the past decades.!! Among them, systems
incorporating nickel have been extensively studied as being low price and noble metal-free catalysts
while delivering high performances with excellent CHy selectivity. !>

Metal-organic frameworks (MOFs) are porous solids which can provide abundant active sites for
catalytic reactions. In the last decade, there has been a surge of interest in MOFs within the realms of
CO; adsorption, gas separation and catalysis owing to their remarkable attributes such as a large
surface area, tunable porosity, strong metal binding sites and the capacity for tailored metal-support
interactions.” In the realm of CO, hydrogenation, MOFs have emerged as pivotal supports or
sacrificial precursors, playing a promising role in the fabrication of efficient catalysts.!*'®* MOF-based
catalysts may be specifically designed to ensure the uniform dispersion of metal nanoparticles (NPs)
and augment the interplay between NPs and the support, effectively preventing the undesired
phenomena of sintering and aggregation of active metal species.'”? In particular, a number of Ni-
containing MOF catalysts have been reported in the last decade for CO, methanation, exploiting the
high dispersion of small size Ni NPs, including Ni@MOF-5,! Ni@MIL-101-Cr,*>** and Ni@UiO-
66.222* Moreover, MOF-derived Ni-containing systems have been also reported as sacrificial
precursors for the synthesis of efficient catalytic materials, via high temperature (> 500 °C)
pyrolysis.?>2” Overall, these studies shed light on key features that determine the performances of
these Ni-based catalysts, such as the impact of the metal immobilization methods, the nickel reduction
conditions or the Ni loading, in addition to the catalytic conditions themselves (temperature, reactants
ratio...). In parallel, the catalytic activities also known to be strongly dependent on the support used
(Si0,, Ce0s, TiO,, ZrO, or Mg0).?® Importantly, zirconia is a support known to promote CO»
hydrogenation, allowing strong Ni-ZrO, interfacial sites.”* Along this line, the Zr-based MOF UiO-66
was recently used as a precursor to produce a porous hydrous zirconia support for a highly dispersed
Ni catalyst, resulting in an efficient and stable catalyst for CO, methanation.*® So far, UiO-66 is the
only Zr-based MOF used as a support for dispersing metallic Ni NPs for CO, methanation, leaving
other Zr-based MOF unexplored. Still, Zr-based MOFs form a potentially interesting sub-family of
solids whereby their porosity may be used to disperse Ni NPs while their Zrs-oxoclusters may mimic
the ZrO»-type support.

Herein, we report the immobilization of nickel NPs in the Zr-based MOF-545 and MOF-545(Cu)
(Figure 1) and their use as Ni-based heterogeneous Ni@MOF catalysts for the hydrogenation of CO».
Our choice of MOF-545 as a support was driven by the specific features of this hybrid framework,
which combines: 1) built-in Zrs-oxocluster nodes, ii) very large pores system for immobilizing Ni NPs
and iii) porphyrin organic linkers amenable to additional metalation. We targeted the Cu-metalated

MOF-545 because Cu-containing MOFs recently attracted attention for their CO, hydrogenation
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activities.>!* MOF-545 crystal structure exhibits hexagonal and triangular 1D channels aligned
parallel to the c-axis with diameters of 36 A and 9 A, respectively (Figure 1a, left), being based on
Zrs0s oxocluster nodes connected to each other via 8 porphyrin linkers.

(a) MOF-545 [Zrg(p3-0),(15-OH),(OH),(H,0),1%
nodes

MOF-545 MOF-545(Cu)

Figure 1. (a) Porous structure of MOF-545 and MOF-545(Cu) showing the individual Zr-oxocluster
(ZrOs: blue octahedra, Zr: blue spheres, O: red spheres, H: grey spheres) and the porphyrin linkers. (b)
SEM images of MOF-545 and MOF-545(Cu) as-synthesized in this work.

In each Zr-node, the six Zr*" metal atoms form an octahedron with 4 p;-OH or 4 ps-O moieties
coordinated at each face of the octahedron (Figure 1a, right). In the present work, both parent
materials MOF-545 and MOF-545(Cu) were first studied for CO, hydrogenation, with the aim to
explore their behaviour (i.e. in the absence of Ni NPs) under catalytic conditions. In a second step, the
catalytic performances of the derived Ni@MOFs solids were then explored. Particular attention was
given to the method used to disperse the Ni** precursor cations within the channels of MOF-545 and
MOF-545(Cu). Two methods were employed, the traditional impregnation method (IM) and the
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double solvent method (DS), both followed by a dry route reduction of Ni** under H, flow. This
approach allowed comparing the catalytic activities of the various solids obtained upon the preparation
(IM/DS) method alone and then upon the H, reduction treatment.

RESULTS AND DISCUSSION
Investigation of MOF-545-derived supports.

Preparation and characterization of Zr-based MOF's supports. Rod-like shape crystals of the Zr-based
MOF-545 and MOF-545(Cu) (Figure 1b) were synthesized following reported synthetic procedures
and characterized by powder X-ray diffraction (PXRD) and thermogravimetric analysis (TGA)
(Figures S1 and S2, respectively). The as-synthesized MOF-545 and MOF-545(Cu) solids were
further studied by DRIFT spectroscopy (Figure 2a-b), confirming the expected chemical differences
between MOF-545 and MOF-545(Cu). The non-metalated porphyrins in MOF-545 indeed exhibited
the characteristic stretching and bending vibrations of the N-H of TCPP at 967 cm™ and 3321 cm™.?!
In contrast, these vibrations were absent in the FT-IR spectrum of MOF-545(Cu), while a strong
characteristic symmetric stretching vibration of C-Nc¢, coordination bonds was observed at around
1006 cm™,*' supporting the successful metalation of the porphyrin linkers. Both solids show intense
v(OH) stretching of ps-OH groups with characteristic signals at 3671 cm™ ¥ together with the Zr-u;O
peaks at 655-750 cm.*¢ This is in line with MOF-545 and MOF-545(Cu) possessing the same
constitutive Zre-oxocluster nodes.

In situ DRIFT studies of the MOF-545 and MOF-545(Cu) supports under catalytic conditions. We
then investigated the catalytic CO» hydrogenation activities of the as-synthesized solids MOF-545 and
MOF-545(Cu) in order to identify possible modifications of their structures under catalytic conditions
(CO./H; flow rate at 3/9 mL min™! at 10 bar up to 300°C). The flow reactor was equipped with an in-
situ DRIFT setup and a gas chromatograph (GC) (Figure S3a) for detection of products. Both MOF-
545 and MOF-545(Cu) exhibited very similar behaviours in terms of catalytic activities towards
methane production, excluding a role for Cu during catalysis (Figure S4). Hence, only the results
obtained for MOF-545(Cu) are discussed in detail below. The impact of temperature on CO,
hydrogenation was studied by increasing the flow reactor temperature step by step, from RT up to 300
°C (RT, 120°C, 200°C, 300°C) at 10 bar under CO2»/H; (1:3) flow. The in-situ DRIFT responses of
MOF-545(Cu) under such CO; hydrogenation conditions upon increasing temperature and time are
shown in Figure 2c-d and Figure S5.
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Figure 2. (a) and (b) DRIFT absorption spectra of the as-synthesized MOF-545 and MOF-545(Cu)
MOFs. (c) and (d) In situ DRIFT absorption spectra of MOF-545(Cu) under CO, hydrogenation
conditions at different temperatures in flow reactor conditions (15 mg of catalyst, CO»/H, flow rate at
3/9 mL min™', flow reactor pressure at 10 bar).

CH4 was detected via its characteristic symmetric stretching at 3015 ¢cm™ as the major product when
the temperature was increased up to 300°C (Figure 2¢) and quantified by GC (Figure S4). Traces of
CO could be detected by high-resolution DRIFT (Figure S6). Also, no CHs4 product was detected at
lower temperatures, i.e. 120°C and 200°C. Notable modifications of the MOF’s IR spectra were also
observed at 300°C in the regions of the bridging ps;-OH groups and the v(C-H) stretching modes of
TCPP phenyl groups. The peak of the bridging u3-OH groups at 3671 cm’!, typical of v(OH) stretching
in Zr-based MOFs"* was absent from the IR spectra at 300°C (Figure 2d), revealing the
dehydroxylation of the MOF. Also, the IR group of peaks associated with the v(C-H)pheny! Stretching
modes (2856 cm’!, 2873 cm!, and 2896 cm™)* were erased at 300°C (Figure 2¢). We hypothesized
that these vibrations were affected by modifications of the neighbouring Zrs-oxoclusters. In contrast,
the symmetric stretching of the C-Nc¢, bond was only slightly shifted over the whole range of
temperature (1006 cm™),*' showing that Cu remained coordinated to the porphyrinic linkers. The
dehydroxylation and the modified v(C-H)pheny stretching modes are maintained over the continuous
CHj4 production event, as illustrated by the time-evolution of this IR region (Figure S7).

In order to identify the carbon’s origin of CHa, catalytic tests were performed with labelled *CO»/H,
gas mixture recording DRIFT spectra every 4 min over 1h. Only *CH,4 was detected, as the IR spectra
exhibited the characteristic peak of '*CHy at 3005 ¢cm™!, instead of 3015 cm! typical of '2CH4 (Figure
S8a). A continuous production of *CH4 over time was observed together with no detection of '*CH,4
(Figure S8b). This provided evidence that CH4 was indeed produced from the CO, flow, with no
methane emanating from the MOF’s decomposition.

The above results point towards significant modifications of the MOF in the 200°C-300°C range,
temperatures at which the MOF is still structured and the complete linker’s decomposition has not
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occurred yet, as indicated by the TGA curve (Figure S2) and the maintained features of the porphyrin
in the 1400-1650 cm™ region (Figure S5b). They show that the conversion of CO» into methane may
proceed at 300°C, after substantial structural modifications to the Zr-based MOF-545 have occurred
with the dehydroxylation of the Zrs-oxoclusters. The catalytic activity of MOF-545 is subsequent to
these structural transformations upon thermal treatment, which motivated us to further undertake a
computational study on the behaviour of the Zres-oxoclusters upon thermal treatment, as detailed
below.

DFT calculations on Zrs-oxoclusters. Beyond the loss of Zr-coordinated water molecules upon
dehydration, dehydroxylation is known to occur in Zr-based MOFs upon heating and mechanistic
pathways have been elucidated for the Zre-oxocluster nodes in the well-known UiO-66 hybrid
framework.*!*> Typically, an -OH group abstracts a proton from a vicinal us-OH group, leaving a
water molecule and a p3-O behind as well as an under-coordinated Zr*' metal site. Using Pair
Distribution Function analysis and DFT calculations, further restructuring upon heating up to 350°C
was also evidenced in the large pore NU-1000 MOF - the latter sharing similar architecture and Zr-
based nodes as MOF-545 but incorporating tetratopic 1,3,6,8-tretrakis(p-benzoate)pyrene linkers
instead of TCPP ones.* The reported restructuring consisted of local and disordered distortions of the
Zr-nodes, identified as distinct of the well-known dehydration/dehydroxylation events. In order to gain
a greater understanding of the transformations of the Zrs-oxoclusters in MOF-545, DFT calculations
(see details in SI) were performed on its fully coordinated [ZrsOs(OH)4(H20)4] nodes (Figure S9a)
and explored its dehydration and dehydroxylation processes. The DFT calculations show that the
exergonic dehydration process may occur at mild temperatures through the loss of the water molecules
coordinated to the Zr*" sites (Scheme S1). The resulting dehydrated cluster, [ZrsOs(OH)4], may
undergo successive dehydroxylations, the whole process being exergonic at high temperatures. The
relatively low-energy transition state identified for the first dehydroxylation step (13.1 kcal mol™)
indicates a kinetically feasible step. The dehydroxylated cluster exhibits a distorted structure whereby
an octahedral environment around Zr*" sites is created through rearrangement of the linker’s
carboxylates and oxo groups (Figure S9b). Also, additional exploratory calculations suggested that
the dehydroxylated cluster may be able to activate CO, and H, under CO,/H, pressure (Scheme S1),
which could be related to the early steps of the experimentally observed CO; hydrogenation. In fact,
relying on DFT calculations, Yang et al. proposed a reaction pathway for CO, hydrogenation into
methanol catalysed by similar Zre-oxoclusters in UiO-66.* Nevertheless, further experimental and
computational work is certainly required to elucidate the mechanism underlying CO, methanation at
play here.

Post-catalytic characterizations. To further probe the possible modifications of the MOF upon
catalysis, ex-situ characterizations (PXRD, XPS, TEM and EDX-element mapping) were performed
after CO, hydrogenation at 300 °C for the MOF-545(Cu) sample. While the XRD pattern shows a
significant loss of crystallinity after catalysis (Figure S10), XPS of MOF-545(Cu) after catalysis
shows that all Cu were maintained in their 2+ oxidation state and Zr centres in Zr*" state, as in the as-
synthesized MOF (Figure S11a-b). EDX elemental mapping reveals a similar dispersion of Cu in the
rods of MOF-545(Cu) before and after catalysis (Figure S12a-b). Finally, TEM images show that the
rod morphology of the MOF crystals was preserved upon catalysis leading to slightly shrunk rods
(Figure S12b). Overall, the post-catalytic characterizations together with the above in-situ DRIFT
observations allow us to draw a portrait of the transformed MOF as being a catalytically active
material for CO; hydrogenation. Under the catalytic conditions used here, this material - which will be
used as further support for Ni NPs (see next section) - is significantly amorphized although still
structured with reconstructed Zrs-oxoclusters.



Investigation of Ni@MOF catalysts for CO, methanation

Impact of the preparation method on catalytic activities. We further prepared Ni@MOF catalysts by
introducing Ni NPs in MOF-545 and MOF-545(Cu) and tested their catalytic performances for CO,
methanation. These materials were prepared in two steps. We first used the traditional impregnation
method (IM) for preparing Ni@MOF-545 IM and Ni@MOF-545(Cu) IM using the as-synthesized
MOF-545 and MOF-545(Cu) and Ni(NOs3),*6H,0O as Ni precursor source. Notably, the IM method
lead to a partial amorphisation of the MOF supports (Figure S13). In order to form metallic Ni’ NPs, a
dry reduction route was further adopted under a 5 vol.% Hy/Ar flow at 350 °C for 24 h in a tube
furnace. PXRD patterns confirmed the successful reduction of Ni** into Ni’ as the resulting
Ni@MOF-545 IM R and Ni@MOF-545(Cu) IM R (R = reduced) solids exhibited intense diffraction
peaks at 44.7°(260) and 52.0°(26), which are characteristic of metallic Ni° planes (111) and (200),
respectively (Figure S14). We noted, however, that the H, reduction treatment led to the full
amorphisation of the MOF supports. ICP-MS analysis indicated that the Ni loading reached 37.6 wt %
and 35.9 wt % in Ni@MOF-545 IM R and Ni@MOF-545(Cu) IM R, respectively (Table S1).

The catalytic activities of reduced solids were then evaluated over 3 h screening tests in static
conditions (CO»/H, in 1:3 ratio, 10 bar, 300°C, Figure S3b) and products quantified by GC. For
reference purposes, we first prepared and tested MOF-545 R and MOF-545(Cu) R. Expectedly, both
solids exhibited rather low catalytic activities, producing CHs and CO in the 15-41 umol g, h™! range
and up to 12 pmol g h!, respectively (Figure 3a, Table 1). We then investigated the two related
solids loaded with Ni°® NPs, Ni@MOF-545 IM R and Ni@MOF-545 IM(Cu) R. Their CHy4
production rates were boosted in the 4200-4500 umol ge.' h' range, higher by two orders of
magnitude than those obtained with their Ni-free counterparts (Figure 3a, Table 1). Also, the
beneficial impact of the H» reduction treatment on the catalytic activities is apparent when comparing
the performances of the reduced Ni-loaded catalysts to those of their non-reduced counterparts, i.e.
Ni@MOF-545 IM and Ni@MOF-545(Cu) IM. The reduction treatment boosted the CH4 production
rates by a factor of 48 and 36, respectively, while allowing a 100% selectivity towards CHa4 (Table 1).
Still, we noted that both reduced Ni-loaded materials reached similar catalytic activities after 3 h
regardless of the Cu loading. We thus concluded that Cu had no impact on CHs production and
continued our investigation without using Cu.

As a further attempt to increase the catalytic performances, we modified the Ni loading procedure by
using the double solvent method (DS),* known to facilitate the deposition of NPs within the pores of
MOFs.#2322 MOF-545 was used to prepare Ni@MOF-545 DS. The pristine MOF-545 was first
introduced in a non-polar solvent (pentane). In the present case, MOF-545 exhibits a built-in spatial
partitioning of hydrophobic regions (porphyrinic linkers) and hydrophilic ones (hydroxylated and
hydrated Zrs-oxoclusters). A small amount of aqueous solution of the Ni** precursor was then
introduced slowly, so that the Ni species could diffuse within the MOF’s pores towards its hydrophilic
parts. Since the inner surface area of MOF-545 is much larger than its outer surface area, the small
amount of aqueous solution is prone to diffuse into the MOF’s pores by capillary forces, minimizing
the deposition on the outer surface in contrast with the conventional single-solvent impregnation
method. PXRD and BET measurements of the Ni@MOF-545 DS solid showed it was amorphous and
non-porous, indicating that the Ni loading step was responsible for both the losses of crystallinity and
porosity. After the Ni-loading step, a similar H, reduction was applied as previously described
allowing the formation of metallic Ni° as evidenced by its PXRD pattern (Figure S15), resulting in the
Ni@MOF-545-DS R solid. It was apparent that the resulting material Ni@MOF-545 DS R was
amorphous, although showing IR vibrations typical of the porphyrin linkers (Figure S16a). The
integrity of the porphyrins was further confirmed through an in-depth analysis of C 1s XPS spectral
lines (vide infra).



A Ni loading of 23.0 wt % in Ni@MOF-545 DS R was measured by ICP-MS (Table S1), which is
significantly lower than the one reached using the IM method (37.6%). Testing its catalytic activity for
CO; methanation under static conditions, Ni@MOF-545 DS R reached a methane production rate of
16866 umolcus gea! !, which is 4 times higher than that of its Ni@MOF-545 IM R counterpart
(4209 umolcus gear! h') (Figure 3a, Table 1). Normalizing the catalytic activity per Ni, the CHy
production rate of Ni@MOF-545 DS R (73330 pumolcus gni' h') is more than 6 times higher than that
of Ni@MOF-545 IM R (11691 pmolcus gni' ).
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Figure 3. (a) The CH4 production rates obtained with the reduced MOF-based catalysts reported in
this work using static conditions (CO»/H> ratio 1:3, 10 bar, 300°C, 3h). Rates are averaged over the 3h.
(b) Time evolution of CH4 production using Ni@MOF-545 DS R and MOF-545 R catalysts for CO,
methanation in flow reactor conditions (15 mg of catalyst, CO»/H,/N» flow rate of 3/9/10 mL min™!, 10
bar, 300 °C, 162 min). (c) CO, conversion (%) and CH4 selectivity of CO, methanation over time
obtained with Ni@MOF-545 DS R in flow reactor conditions. (d) Time-evolution of the in-situ
DRIFT spectra with a 10 min step during CO> methanation experiment using Ni@MOF-545 DS R in
flow reactor conditions.



Table 1. Comparison of the catalytic performances of MOF-based catalysts for CO, methanation in
static conditions.

Catalyst T.¢C) P Select.chs Select.co Ratec_}lm N Ratec_(l) N
(bar) (%) (%) (umol-gear'-h') (pmol-gear-h')
MOF-545 R 300 10 56 44 15 12
MOF-545(Cu) R 300 10 77 23 41 12
Ni@MOF-545 IM R 300 10 100 0 4209 0
Ni@MOF-545 IM 300 10 94 6 88 6
Ni@MOF-545(Cu) IM R 300 10 ~100 ~0 4447 7
Ni@MOF-545(Cu) IM 300 10 54 46 124 104
Ni@MOF-545 DS R 300 10 100 0 16866 0
Ni@MOEF-545 DS 300 10 8 93 115 1392

2CO2 methanation in static conditions: 15 mg of catalyst, CO2/Hz ratio 1: 3, 10 bar, 300°C, 3h.

Considering the above catalytic activity reached by Ni@MQOF-545 DS R - the highest of all measured
in static conditions - we further investigated its catalytic performances for CO, methanation under
flow conditions (CO»/H2/N; flow rate 3/9/10 mL min’!, 10 bar, 300 °C) using in situ DRIFT coupled
with online GC analysis. The time evolution of CHs production by Ni@MOF-545 DS R is shown in
Figure 3b and compared to that of the reference MOF-545 R. CH4 production exhibits a quasi-linear
increase with time with 5543 umol of CH4 produced at 162 min, allowing to estimate a production rate
of 136 864 pmolchs gear' h' (594 545 pmolcns gni' h!). Besides its 100% CHj selectivity, Ni@MOF-
545 DS R exhibited better catalytic performances for CO, methanation than any Ni@MOF based
catalysts reported so far (Table S2). In flow reactor conditions, the CO, conversion slightly decreased
over time (see calculation method in Experimental Section) reaching 60% after 162 min (Figure 3c).
This deactivation may result from the reoxidation of the Ni metallic sites by the large amount of water
produced over the methanation reaction inside the reactor, thus directly damaging the catalytic
activity. We found that a reactivation of the Ni@MOF-545 DS R solid under successive Hj:Ar
treatments at 350°C allowed to recover its full catalytic activity (Figure S17). Of note, the methane
production rate in static conditions of Ni@MOF-545 DS R was only 16866 pmolcns gea! ™' (73330
umolcus gni' h) (Table 1) which is expectedly much lower than that in the flow reactor due to the
pressure limitations in static conditions. Consistently, the in-situ DRIFT spectra recorded every 10 min
during the CO, methanation experiment exhibited a continuous production of CH4 (Figure 3d).

XPS, TEM and DRIFT characterizations of Ni@MOF materials.

We thought that uncovering the structural and chemical differences between Ni@MOF-545 IM R and
Ni@MOF-545 DS R was essential in order to understand the much better performances of the catalyst
prepared with the DS method. The chemical states of Ni in both samples were analysed by X-ray
photoelectron spectroscopy (XPS). Figure 4a shows Ni 2p XPS spectra of Ni@MOF-545 IM R and
Ni@MOF-545 DS R catalysts. It should be noted that for nickel compounds the spin-orbit splitting of
the 2ps» and 2py2 is large enough, so that only the more intense 2p3. signal can be considered. In our
case, the Ni 2psy, spectral line is composed of three contributions: (i) a sharp peak centred at 852.2 eV
associated with Ni° (ii) a broader component at 855 eV attributed to Ni*" species and (iii) satellites
peaks (shake-up, plasmons) at around 860 eV.**® The Ni 2p spectral region of Ni@MOF-545 IM R
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is dominated by the metallic Ni’ contribution and the corresponding plasmons, while that of
Ni@MOF-545 DS R mainly exhibits the typical Ni** signature and a small shoulder at lower binding
energy due to the presence of metallic nickel. Still, Ni° is detected at the surface of both compounds.
The greater proportion of Ni*" detected in the case of Ni@MOF-545 DS R can be explained by a
more pronounced superficial oxidation of the metal site prior XPS analysis, due to significantly
smaller size NPs (vide infra). The Zr 3d core level spectra of the two Ni@MOF-545 IM R and
Ni@MOF-545 DS R catalysts were also investigated by photoemission spectroscopy (Figure 4b and
4d, respectively). In both cases, a doublet with well resolved spin-orbit splitting (2.4 eV) is observed
with Zr 3ds, peak positions measured at 181.8 (IM) and 181.4 (DS) eV, respectively. In addition,
Figures 4c-d compare the XPS spectral lines of Zr 3d respectively in Ni@MOF-545 DS and
Ni@MOF-545 DS R, i.e. before and after reduction. Typical signal similar to stoichiometric ZrO,
(expected at 182.7 eV)* is observed before reduction. The reduced Ni@MOF-545 DS R solid shows
a large shift to lower binding energies, down to 181.4 eV for the Zr 3ds», which is interpreted as
emanating from the potential presence of oxygen vacancies in the reduced sample, in line with
previous reports.*-2 Interestingly, the larger shift in the DS catalyst than in the IM solid would
indicate a larger amount of such vacancies. Regarding the C 1s spectral lines (Fig. 4e-f), the XPS
shows that the aromatic chemical environment of carbon atoms at 284.1 eV characteristic of the
porphyrins is maintained upon reduction of Ni@MOF-545-DS, together with that of the carboxylates
at 288.2 eV, supporting our observations from DRIFT (Figure S16) suggesting the integrity of
porphyrinic linkers.

(a) N7 - (c - (e) -
| Ni2p Ni@MOF-545 DS Zrad Ni@MOF-545 DS cis
1
182.4
- ! - | -
E] 1 F] E]
< < <
< | —Ni 3 1 < 184.8 =
z Ni@MOF-545 DS R L z 1 z
2 ] 2 ! 2
] Nizd | NP £ I g
= 855 | /8520 £ | £
| | |
1 T
NI@MOF-545 IM R | : :
890 880 870 860 850 186 184 182 180 178 292 290 288 286 284 282
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Figure 4. XPS spectral lines of (a) Ni 2p of Ni@MOF-545 IM R and Ni@MOF-545 DS R, Zr 3d core level of
(b) Ni@MOF-545 IM R , (c) Ni@MOF-545 DS (before reduction) and (d) Ni@MOF-545 DS R (after
reduction), C 1s of (¢) Ni@MOF-545 DS (before reduction) and (f) Ni@MOF-545 DS R (after reduction).

The morphology and distribution of Ni NPs in Ni@MOF-545 IM R and Ni@MOF-545 DS R were
characterized by TEM, HAADF-STEM and EDX-element mapping. The TEM images of Ni@MOF-
545 IM R (Figure S18a) clearly showed that Ni’ NPs have large sizes in the 30-40 nm range and are
distributed exclusively over the surface of the MOF’s rods, in line with the intense Ni® peaks observed
in the PXRD pattern (Figure S14). In contrast, the TEM images of Ni@MOF-545 DS R catalyst

10



exhibited much smaller Ni NPs around 5 nm size (Figure S18b), which are highly dispersed and
homogeneously distributed both at the surface of the MOF support and within the bulk of the solid.
The small size of these Ni’ NPs in Ni@MOF-545 DS R is also consistent with its PXRD pattern,
showing very broad peaks at 44.7° and 52.0 (26) (Figure S15). The EDX-elemental mappings of both
IM- and DS-prepared samples confirmed their distinct spatial distribution of Ni’ NPs (Figure S18a-b).

We also performed post-catalytic characterizations of Ni@MOF-545 DS R and Ni@MOF-545 IM R
by TEM, HAADF-STEM, and EDX-element mapping, shown in Figure Sa-e. For both Ni@MOF-
545 IM R and Ni@MOF-545 DS R, the morphology and the distribution of Ni NPs are similar before
and after the catalytic events. For Ni@MOF-545 IM R, the size distribution of Ni NPs indeed remains
in the 20-40 nm range after catalysis (Figure 5a). For Ni@MOF-545 DS R, the Ni NPs are still
highly dispersed after catalysis (Figure 5b), with a small increase in the Ni NPs’ size up to ~6 nm.
Further HR-TEM image of the post-catalysis Ni@MOF-545 DS R sample (Figure 5c) revealed the
crystal structure of loaded Ni NPs exposing Ni’ (111) planes (d = 0.2 nm), which is confirmed by their
fast-Fourier-transformed (FFT) image (Figure Sc insert). The PXRD pattern of Ni@MOF-545 DS R
after catalysis showed the same broad Ni’ (111) peak than the pristine catalyst (Figure S15), further
supporting that the metallic Ni NPs are maintained after catalysis with no sintering.

F-545 IM R after cat. Ni@MOF-545 DS R after cat.

SANI (111)

Figure 5. TEM images after catalysis of (a) Ni@MOF-545 IM R and (b) Ni@MOF-545 DS R
(insert: size distribution of Ni NPs in the TEM images). (c) HR-TEM image after catalysis of
Ni@MOF-545 DS R (insert: FFT of Ni NPs). HAADF-STEM image and EDX mapping after
catalysis of (d) used Ni@MOF-545 IM R and (e) Ni@MOF-545 DS R. Samples were used in static
conditions CO; methanation: CO,/H; ratio 1:3, 10 bar, 300°C, 3h.
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Combining all these characterizations, the MOF-based support of our catalysts may be portrayed as
follows. After the Ni loading and reduction steps, NI@MOF-545 DS R is typically an amorphous and
non-porous solid. Still, the XPS spectral analysis indicates that although the crystalline framework is
collapsed, the integrity of constitutive sub-units of the MOF may be partially maintained, such as the
porphyrinic linkers or the Zr-oxoclusters. The DRIFT analysis of Ni@MOF-545 DS R in the 1300-
1700 cm spectral region also shows that the typical features of the TCPP linkers are maintained
(Figure S16). In addition, the far-IR DRIFT spectra of Ni@MOF-545 DS R, when compared to that
of a tetragonal ZrO; thin film, exhibit unambiguous features associated with Zr-O bonds, allowing
considering that Zr-oxoclusters are indeed present in the catalyst (Figure S19a). The restructuring of
Zr-oxoclusters in MOFs upon thermal treatment has been described experimentally in details by
Plateros-Plats et al. for another MOF, NU-1000, which shares the same architecture and Zr-nodes with
MOF-545.% Finally, although the formation of amorphous carbon in our catalysts may not be
excluded, the far-IR spectrum of Ni@MOF-545 DS R is significantly different from that collected
from carbon black, for which no IR bands are observed but rather a strong and continuous absorption
in the 100-500 cm™ region (Figure S19b).

The above characterization results also allowed us to rationalise the enhanced catalytic activity of
Ni@MOF-545 DS R for CO, methanation when compared to that of Ni@MOF-545 IM R. Two
distinct factors seem to be at play in the enhancement of catalytic activity of the DS solid when
compared to the IM one. First, the DS method used for loading Ni in MOF-545 has a beneficial impact
on the subsequent dispersion of Ni NPs, whereby NPs form in a very homogeneously dispersed
fashion within the solid, as opposed to the surface distribution of Ni NPs observed for the IM-prepared
catalyst. Secondly, the DS method seems to avoid the sintering of Ni NPs upon reduction as it allows
to form much smaller Ni NPs (< 8 nm) than the IM method (~40 nm), a distinctive feature that is
maintained after catalysis. Notably, the catalytic activity of Ni@MOF-545 DS R for CO, methanation
emanates exclusively from the portion of Ni NPs exposed at the surface of the MOF’s rods, as
indicated by the absence of porosity from BET measurements. As for Ni@MOF-545 IM R, the Ni
NPs are deposited exclusively at the surface of the MOF support as evidenced by TEM. The higher
catalytic activity of Ni@MOF-545 DS R when compared to that of Ni@MOF-545 IM R thus
highlights the remarkable impact of the small size of the Ni NPs in the DS-prepared material, this
knowing that Ni@MOF-545 DS R has a much lower amount of Ni exposed at the surface than
Ni@MOF-545 IM R.

Interestingly, the structure sensitivity of metallic Ni NPs for CO, methanation has previously been

explored in depth both experimentally and computationally.?*33-54

Investigating metallic Ni NPs in the
1 to 10 nm size range, the authors have demonstrated that the most effective planes for CO,
methanation were the (110) ones, while the (111) and (100) terraces barely showed any catalytic
activity.>® In the present work, Ni@MOF-545 DS R contains metallic Ni NPs in the 5-6 nm range,
whereby the proportion of (110) facets associated with Ni NPs of this size>* might contribute to its
high catalytic activity for CO, methanation when compared to that of Ni@MOF-545 IM R possessing
Ni NPs of much larger size (~40 nm). Our results thus tend to suggest that the Zr-based MOF-545
support might allow a high dispersion of small Ni’® NPs due to its adapted porosity when using the
double solvent method,* which allows a cooperation between the hydrophilic nickel species and Zrs-
oxoclusters, the latter being shown to participate also to the catalytic event, in line with earlier

reports.?>%

CONCLUSIONS

We have prepared Ni@MOF composites using the Zr-based porphyrinic MOF-545 as a support for
catalytic Ni° NPs using free-base or Cu-metalated porphyrin linkers. First, in-situ DRIFT spectroscopy
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together with DFT calculations indicate that the Ni-free MOF-545 may be transformed into a
catalytically active material in CO, hydrogenation conditions, producing CO and CHs. We also ruled
out any essential role of Cu in the observed methanation catalytic activity. Second, with the goal of
synthesizing Ni@MOF catalysts for CO, methanation, we prepared Ni® NPs loaded MOF-545
composites, exploring two synthetic methods, i.e. the impregnation (IM) and double solvent (DS)
methods, providing Ni@MOF-545 IM R and Ni@MOF-545 DS R catalysts upon H, reduction
treatment. Both static and flow reactor conditions revealed the remarkable performances of
Ni@MOF-545 DS R when compared to those of Ni@MOF-545 IM R, highlighting the critical
impact of the Ni NPs preparation method on the resulting catalytic properties. We report 100% CHs
selectivity, a high rate (595 mmolcus gni' h') for the Ni@MOF-545 DS R catalyst. TEM images
revealed a striking difference in the spatial dispersion and sizes of the Ni® NPs between DS- and IM-
prepared samples. It was shown that the Ni’ NPs are distributed exclusively over the surface of the
solid in Ni@MOF-545 IM R, with a Ni’ NPs size around 20-40 nm, while in Ni@MOF-545 DS R,
much smaller Ni NPs with diameters of around 5 nm are homogeneously distributed both within the
bulk and at the MOF surface. We infer that the built-in high density of hydrophilic Zrs-oxoclusters in
MOF-545 offers unique anchoring sites for stabilizing nickel species, a property optimized when using
the DS method. The latter further allows inhibiting detrimental sintering of Ni NPs. We believe that
this fundamental work will be applicable to the many unexplored Zr-based MOFs as active support to
develop new and highly efficient CO, methanation catalysts.

EXPERIMENTAL SECTION
Materials

Meso-tetrakis(4-carboxyphenyl)porphyrin (H,TCPP) was purchased from TCI Europe. Cu-TCPP was
synthesized as described by Feng et al.>® Zirconyl chloride octahydrate (ZrOCl,*8H,0) and Nickel(IT)
nitrate hexahydrate (Ni(NO3),°6H,0) were purchased from Alfa Aesar. 1,2-dichloroacetic acid was
purchased from Sigma-Aldrich. N, N-dimethylformamide (DMF), acetone, methanol, and n-pentane
were from Fisher Scientific. All chemicals were used as received.

Catalysts Synthesis

MOF-545 synthesis. MOF-545 was synthesized using reported protocols.*** 65 mg of H,TCPP, 325
mg of ZrOCl,.8H20 and 2.5 mL of 1,2-dichloroacetic acid were mixed in 80 mL of DMF. The mixture
was heated at 130 °C overnight. After cooling down to room temperature, the MOF was collected by
centrifugation, and then washed twice with DMF and twice—with acetone. The MOF was further
washed in a 25 mL DMF/2.5 mL 1M HCI mixture with agitation and heating at 130 °C for two hours.
After cooling down to room temperature and then centrifugation, the obtained MOF was rinsed twice
with DMF and twice with acetone. The MOF was further dispersed in 50 mL of acetone overnight.
The final MOF product was collected by centrifugation and rinsing twice with acetone. The MOF was
then dried at room temperature and activated at 120 °C under vacuum overnight for further use,
collected as a purple powder (m = 67 mg). Characterization of the sample via PXRD and BET attested
of the successful synthesis of MOF-545.

MOF-545(Cu) synthesis. MOF-545(Cu) was synthesized using a reported protocol.’” 60 mg of Cu-
TCPP, 370 mg of ZrOCl,.8H,O and 2 mL of 1,2-dichloroacetic acid were mixed in 80 mL of DMF.
The mixture was heated at 130 °C overnight. After cooling down to room temperature, the MOF was
collected by centrifugation, and then washed twice with DMF and twice with acetone. The MOF was
further washed in a 20 mL DMF/2 mL 1M HCI mixture with agitation and heating at 130 °C for two
hours. After cooling down to room temperature and then centrifugation, the obtained MOF was rinsed
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twice with DMF and twice with acetone, centrifuged, further dispersed in 50 mL of acetone overnight,
collected by centrifugation and rinsed twice with acetone. The MOF was then dried at room
temperature, collected as a powder and finally activated at 120 °C under vacuum overnight for further
use (m = 65 mg). Inductively coupled plasma-mass spectroscopy (ICP-MS) analysis was performed,
showing a Zr:Cu ratio of 3.04 (expected: 3.00), pointing towards the full metalation of the porphyrins.

Ni loading of MOF-545 and MOF-545(Cu) by impregnation method (IM): synthesis of
Ni@MOF-545 IM and Ni@MOF-545(Cu) IM. The impregnation method was inspired by protocols
previously reported for the synthesis of NP@MOF systems.*® 100 mg of MOF-545 or MOF-545(Cu)
were dispersed in 16 mL of methanol by sonication. 162 mg of Ni(NO3),*6H,O (0.56 mmol) were then
added into the suspension and stirred for 1 h. The solvent was evaporated under vacuum and the
Ni@MOF-545 IM or Ni@MOF-545(Cu) IM solids dried at 100 °C.

Ni loading of MOF-545 by the double-solvent (DS) method: synthesis of Ni@MOF-545 DS. 100
mg of synthesized MOF-545 were dispersed in 20 mL of n-pentane by sonication. 800 uL of 0.5 M
Ni(NOs3) 2*6H,O aqueous solution were then slowly added to the MOF suspension at a rate of 40
pL/min. The suspension was stirred for 3 h, and then the solvent removed by rotary evaporation. The
obtained Ni-loaded MOF-545 product Ni@MOF-545 DS was further dried at 150 °C under vacuum
overnight.

Ni@MOF-545 DS R. 50 mg of Ni@MOF-545 DS were reduced in a 5% H»/Ar flow at 350 °C for 24
h. The reduced forms of MOF-545, MOF-545(Cu), Ni@MOF-545 IM and Ni@MOF-545(Cu) IM
were prepared using the same protocol, affording MOF-545 R, MOF-545(Cu) R, Ni@MOF-545 IM
R and Ni@MOF-545(Cu) IM R, respectively.

Catalysts Characterizations

The crystallinity of the samples was analysed by powder X-ray diffraction using Cu Ka radiation (Aka
= 1.54056 A, M = 1.54439 A) equipped with a Lynxeye detector (Bruker D8 Advance
diffractometer) in Bragg—Brentano geometry. Thermogravimetric analyses (TGA) were performed on
a Mettler Toledo TGA/DSC 1, STARe System ranging from room temperature to 700 °C (3 °C min!)
under a 50 ml min" air flow. Scanning electron microscopy (SEM) images were captured using a
ZEISS Ultra-55 scanning electron microscope. Transmission electron microscopy (TEM) was carried
out using a JEOL 2100 Plus UHR microscope operating at 200 kV. The powdered samples were
dispersed in ethanol, and then a drop was evaporated on a carbon-coated copper grid or a carbon-
coated nickel grid. Scanning transmission electron microscopy (STEM) images using a high-angle
annular dark-field (HAADF) detector were also acquired. The image contrast in this mode is strongly
correlated to the atomic number: heavier elements contribute to brighter contrast (Z-contrast). Analytic
investigations were performed with an energy dispersive X-ray (EDX, Oxford Instruments X-Max 80
SDD) spectrometer attached to the microscope column. The accurate Cu and Ni loading amounts in
the MOFs samples were analyzed by ICP-coupled Atomic Emission Spectrometry (ICP-AES)
(Thermo Scientific, iICAP™ PRO Duo ICP-OES). The MOF powders were digested by sonication in a
mixture of H,SO4 (95 wt.%) and HNO; (65 wt.%) with a volume ratio of 1: 1.

Operando diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy was carried out at the
AILES Beamline of SOLEIL Synchrotron Light Facility (Saint Aubin, Paris, France) (Ref-
AILES). The IR spectra were acquired using a Bruker IFS 125 MR spectrometer. Spectra were
recorded in the mid infrared region (600 cm™ to 4000 cm™) by using a KBr beam splitter, SiC internal
source and a home-made 4.2K MCT detector (Ref-MCT). Each single spectrum was obtained by
averaging 400 scans with a resolution of 4 c¢cm™. The experiment was carried out by using a
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commercial DRIFT cell (Harrick), allowing to record diffuse reflectance spectra under various
catalytic conditions of temperature. The pressure and the flow of gas is controlled by a back-pressure
regulator and three mass flow controllers, respectively (Bronkhorst). Prior to each experiment
background spectra were acquired (KBr powder under vacuum). Absorption spectra were determined
by the A=-log(ly/1o) relation, where Iy and lo are the light intensities of the sample and the
background, respectively. For the CO» hydrogenation reactions, a known quantity of samples (15 mg)
was activated for 12 h at 120 °C (10 °C /min) and under vacuum (10 mbar). Then, the sample was
cooled down to room temperature. The activated sample is then exposed to a controlled flow of a
mixture of CO»/H, (3/9 mL/min) until reaching a pressure of 10 bars inside the reactor. In a second
step, the sample was heated up from RT to 120 °C with a ramp of 5 °C /min and kept at 120 °C to
collect DRIFT spectra. Then, the sample chamber was further heated up to 200 °C (ramp of 5 °C /min)
and kept at 200 °C to collect DRIFT spectra. Later, the sample chamber was heated up from 200 °C to
300 °C (ramp of 20 °C /min) and kept at 300 °C to collect DRIFT spectra.

Catalyst powder was stored under inert atmosphere prior XPS analysis. Few milligrams of material
were then deposited on conductive copper tape. Using this procedure, the samples have been exposed
to air less than 2 minutes. Regular XPS analyses were conducted on a Thermofisher Scientific Nexsa
equipped with a monochromated Al-Ka anode (1486.6 eV) and a dual flood gun (low energy electron
and ion). High energy resolution spectral windows of interest were recorded with a 400 pm spot size.
The photoelectron detection was performed perpendicularly to the surface using a constant analyzer
energy (CAE) mode (20 eV pass energy) and a 0.1 eV energy step. Quantification was performed
based on the O 1s, C 1s, N 1s, Ni2p and Zr 3d photopeak areas after a Shirley type background
subtraction using the Thermofisher Scientific Avantage© software and its “ALTHERMOI1” library as
sensitivity factor collection.

In addition, DFT calculations were carried out to characterize the behaviour of the Zrs nodes of MOF-
545 upon heating treatment. Full details are given in SI.

CO; hydrogenation experiment

Static conditions: CO; hydrogenation tests were carried out in a stainless-steel high-pressure reactor
(Parr, 4790 model, 25 mL) equipped with an electric oven and temperature controller (Equilabo). As a
typical run, a catalyst pellet (15 mg) was fed into the autoclave. The catalyst pellet was slightly hand
pressed using a die set (diameter of 8 mm). After replacing air in the reactor with a CO»/H, (1:3, molar
ratio) gas mixture for 4 times, the reactor was pressurized to 10 bar at ambient temperature. Then, the
Parr reactor was heated up to 300 °C and kept at this temperature for 3 h. After the reactor was cool
down to room temperature; and depressurized to 1 bar (ambient pressure), all the gases were collected
in a gas sampling bag (1 L tedlar® plv gas sampling bag w/thermogreen® 1b-2 septa). The
composition of gas in the gas sampling bag was analyzed with a gas chromatograph (GC, SRI
Instruments, MG#5 GC, Ar carrier). Quantification of carbon-based products was carried out by a
flame-ionization detector. CH4 and CO were separated using a 3 m molecular sieve column. A control
experiment using the empty reactor without any MOF or catalyst was carried out under the same CO;
hydrogenation conditions. The GC analysis showed that no product was detected in the control
experiment. The CHs and CO selectivities (CHs and CO were the only carbon products of CO;
hydrogenation detected here) were defined as follows:

R
(CH4)
Scpa (%) = ————————x 100
e Ricnay + Rcoy
R
(o)
Seo(%) =——C2 % 100
co Rcnay + Rco)
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where Rcny is the CH4 production rate, and Rco) is the CO production rate.

Flow reactor conditions: CO, hydrogenation tests were conducted in a fixed-bed continuous flow
reactor at 300 °C and 10 bar over 15 mg catalyst powders. The reactor was heated by an electric oven
equipped with a temperature controller. All gases were monitored by calibrated mass flow controllers.
The CO,/H2/N; gas mixture with the flow rate of 3/9/10 mL min™' was used for CO, methanation. The
gas phase products were followed by in situ infrared spectroscopy, and the real-time online GC
(INFICON Micro GC Fusion) quantified the production of products. The CO, conversion of the best-
performed Ni@MOF-545 DS R sample (100% selectivity of CHy4) was calculated as follows:

in(co2) — Caut(COZ) Caut(CH4)

C
X0z (%) = x 100 =

x 100
Cin(coz) in(co2)

where Cincoz) is the inlet CO; concentration, Coucoz is the outlet CO, concentration, and Ccuy is the
outlet CH4 concentration.

SUPPORTING INFORMATION

Experimental details, including PXRD, TGA, DRIFT spectra, XPS, TEM, HAADF-STEM, EDX,
ICP-AES analysis and computational details. This material is available free of charge via the Internet
at http://pubs.acs.org.
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