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Abstract

This research demonstrates an approach to enhance performance during CO2 hydrogenation by
using carbon nitride (CN) coated Al>O3 composites as a support for cobalt based catalysts. Unlike
conventional fine powdered CN with a typically low surface area, the CN coating on Al>O3 enables
tuneable porosity and minimises pressure drop in fixed-bed reactors. Modification of the Al>O3
support with CN induced a significantly improved distribution of separately prepared Co304
nanoparticles. The CN layer interacted strongly with the nanoparticles preventing aggregation. An
enhanced stabilisation of nanoparticles was also identified when comparing the Co/CN@AI.O3
catalyst with the Co/Al>O3 catalyst post reaction. Catalytic tests for CO. methanation revealed that
Co/CN@AI-03 yields significantly higher CO conversions of up to 63% and a methane selectivity
of 94%. In contrast, the Co/Al>O3 catalyst exhibits a lower CO> conversion of maximum 20% and
a methane selectivity of up to 66%. These results illustrate the superior stability and activity of the
Co/CN@AI,O3 catalyst, which may be linked to a restructuring of the CN into a N-doped carbon

(N-C) layer and potential cobalt carbide formation during activation or CO2 hydrogenation.



Introduction

The CO: concentration in the atmosphere has increased by about 50% from 280 to 420 ppm since
the late 18" century and it is projected to reach 950 ppm or more by the end of this century.! The
majority of global CO, emissions are due to the use of fossil fuels, which in turn account for
80 to 90% of the global electricity generation.! Since the Paris Agreement, the European Union has
been targeting a reduction in greenhouse gas emissions of at least 95% until 2050.> Renewable
energy sources and hydrogen (H2) alone cannot guarantee the necessary CO. reduction, as carbon-
intensive industries also emit CO2. Therefore, CO> capture and utilisation is a promising strategy
for achieving global energy and climate goals. Particularly, the chemical conversion of CO> as a
C1 resource is increasingly becoming the focus of research.>* As early as the beginning of the 20™
century, Paul Sabatier pointed out the potential of CO> methanation for recovering carbon

resources,® which presently experiences a renaissance.®

CO: hydrogenation with renewable H> enables carbon neutral production of energy carriers and
chemicals, as well as chemical storage of H,.” The electronic ground state configuration of the CO;
molecule reveals a low-lying empty shell energy level (2zu), and the molecule's electron affinity
reaches up to 38 eV, indicating that COy is a strong electron acceptor and a weak electron donor.®
Catalytic activation of CO> can be achieved by transferring electrons to the CO> molecule.
Depending on the catalyst used, various products can be formed, such as methanol, methane,
hydrocarbons, and CO.° The most active catalysts for the reduction of CO2 to methanol and CO
are Cu, Pd, and Zn'®* while Ni, Rh, and Ru'>® are particularly effective in the production of
hydrocarbons. Ni is broadly accepted as affordable methanation catalyst with high intrinsic activity
and selectivity,*®22 but Ni based catalysts often suffer from deactivation due to sintering and
carbon poisoning.?* Additionally, Weatherbee et al. showed that Co/SiO; catalysts may outperform
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Ni/SiO catalysts in CO, hydrogenation.?® Cobalt based catalysts are also popular in Fischer-
Tropsch synthesis (FTS) due to their high performance in CO hydrogenation. When using COa,
cobalt based catalysts show a high selectivity for methane (CH4).?* Various factors, such as
preparation method, metal loading, and support material, influence CO- conversion and selectivity
for CH4. The nature of the support material, in particular, has a significant impact on catalytic

performance.?:%

For COz2 reduction, we use graphitic carbon nitride (CN) modified supports since carbon-bonded
nitrogen groups including pyridinic, pyrrolic and graphitic N have been proposed as active sites for
CO; reduction.?® Due to its unique structure, CN promotes electron transfer in supported catalysts,
improving the stability of highly dispersed metal particles.?”?® Although CN is primarily used in
photocatalytic and electrocatalytic studies, its beneficial properties have also led to application as
a support material in thermocatalytic reactions, particularly in CO (Tab. 1) and CO2 hydrogenation

(Tab. 2) and reduction reactions, such as methanation or reverse water-gas shift (RWGS).

Tab. 1. Overview of CN containing catalysts used in thermocatalytic CO hydrogenation.

Catalyst Reaction Ttimp. Pressure Main I_Dr_oduct Ref.
Type (°C) (bar) (Selectivity %)

Fe/CN FTS 340 20 Cs+ (74) 28

Co/CN@AI0s FTS 220 20 Cs+ (78) 29

Co/CN@SBA-15 FTS 230 10 Cs+ (73) 30

Co/CN FTS 230 20 Cs+ (70 - 78) 31

Ni/exfoliated CN  Methanation 375 1 CH4 (>70) 82




Tab. 2. Overview of CN containing catalysts used in thermocatalytic CO, reduction.

Reaction Temp.  Pressure Main Product

Catalyst Type (°C)  (bar)  (Selectivity%)  er
Ni/CN Methanation 20 - 500 1 CH4 (>80) 33
Cu/CN RWGS 20 - 500 1 CO (n.a) 33
15% Ni/ MCN Methanation 200 - 500 1 CHa (100) 34
Ni—Ce/exfoliated CN  Methanation 300 1 CHjs (100) 3
Ni/exfoliated CN Methanation 300 1 CH4 (>60) 3
Ce-Ni-CN Methanation 200 - 400 1 CHjs (100) 36
Cu-Ns SAC Methanol 150 1 CH3OH (95.5) 37

synthesis
Cu-N3 SAC RWGS 150 1 CO (94.3) 37
Liquid phase/
Pd/CN (defect-rich) formic acid 30-50 30-70 HCOOH (n.a.) 38
formation

The reduction behaviour and catalytic activity of cobalt on CN-coated alumina in the FTS
demonstrated that the CN modification enhances the dispersion of metallic cobalt species.?®
Studies have also shown that Cu modified CN exhibits high catalytic activity in the selective
oxidation of benzene® and enhanced CO, hydrogenation activity at low temperatures.’ Park et al.
demonstrated that CN consistently enhanced the degree of reduction and agglomeration resistance
of metal particles, which in turn increased catalytic activity in FTS. This effect was observed for
both Co and Fe based catalysts.?®2° However, in the case of the iron catalyst, an in situ phase

transition to Hagg carbide additionally enhanced the activity.?®

The goal of this study is to enhance interaction between cobalt and its support, as well as to improve
the support stability by modification of conventional Al.Os with CN. This modification aims at
increasing the overall stability but also the performance of the catalyst. CN was prepared onto high-
surface-area Al,Os3, resulting in the formation of a CN@ Al>.Os composite material. This composite
was then used as the support for a Co based catalyst via the decoration with separately prepared

Co0304 nanoparticles.



Results

Characterisation of Co3O4 nanoparticles

X-ray diffraction (XRD) confirms the successful separate preparation of single-phase C0304
nanoparticles with high crystallinity (Fig. 1a). The most prominent peak, corresponding to the (311)
crystallographic plane at 36.8°, was selected to determine the crystallite size of 8.3 nm (Fig. S1,
Tab. S1) using the Scherrer equation, which is in agreement with the volume mean size of 8.8 nm
according to analysis using transmission electron microscopy (TEM). Further, the analysis exhibits
the high dispersibility of the synthesised nanoparticles (Fig. 1b) as reported in previous studies.**
%3 The nanoparticles exhibit a distinctive cubic morphology and a narrow size distribution (Fig. S2)
with a relative standard deviation of 17%. Selected area electron diffraction (SAED) further
confirms the crystalline nature of the material, showing well-defined polycrystalline diffraction
rings that can be indexed to various planes of the spinel-type Coz0s structure, indicating a high

degree of crystallinity (Fig. S3).
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Fig. 1. (a) XRD pattern with reference pattern for CozO4 and (b) TEM micrograph of the synthesised Co304
nanoparticles.



Characterisation of the supports and catalysts

Thermogravimetric analysis (TGA) suggests modification of Al.Oz with 30 wt.% CN (Fig. S4). A
larger weight loss due to removal of adsorbed species below 250 °C, such as water, was observed
for the unmodified Al>Osz due to its hygroscopic nature. For the CN@AI>O3 support, the surface is
mostly covered by CN resulting a lower fraction of volatile compounds. The morphologies of the
supports and catalysts were examined with scanning electron microscopy (SEM, Fig. 2). The
micrographs reveal distinct differences between the morphology of the external surface of bare
Al>03 and the CN@AI>O3 composite. Al.O3 exhibits a smooth surface characterised by angular
structures that form larger particles. In contrast, the CN@AI>Oz composite shows a rough, irregular
surface that seemingly covers the surface of Al.Os particles including completely filled cracks.
This hints towards a complete and evenly distributed coating with CN, which has been previously

described for similar approaches.?®444°



¢) Co/Al,0s d) Co/CN@AI,Os = 0

Fig. 2. SEM micrographs of (a) unmodified Al;O3 and (b) modified CN@AI,O3 support at low resolution (secondary
electron images) together with higher resolution images of the corresponding parent catalysts (c) Co/Al,O3 and (d)
Co/CN@AI,03 (backscattered electron images).

Decoration of the supports with the separately synthesised CozO4 nanoparticles via ultrasonication
yields the parent catalysts. In the following, the support and catalyst systems will be referred to as
modified (CN@AI>0s, Co/CN@AI>03) and unmodified (Al.Os, Co/Al203). The loading of Co was
analysed by means of ICP-OES and is similar for both catalysts (Tab. 3). SEM micrographs of the
catalysts recorded using backscattered electron detection (ESB) allow for differentiation between
cobalt-rich areas and the support as cobalt atoms have a higher atomic number than aluminium or
carbon atoms, resulting in stronger electron scattering and an increased signal intensity or visibly
brighter image areas. Hence, the distribution of Co on the catalyst surface can be visualised and
investigated.*® For the unmodified catalyst, an accumulation of Co-rich regions is observed,
whereas the modified Co/CN@AI>0s shows a significantly improved distribution (Fig. 2c, d, Fig.
S5). Notably, the nanoparticles show a clear tendency to anchor preferentially on the CN coated
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areas, while thinly coated or bare Al.Oz are seemingly less populated (Fig. S6). This preference
can be attributed to two major factors. Firstly, the N-rich sites in CN form strong interactions with
cobalt particles, enhancing their anchoring and preventing aggregation. Secondly, the electronic
properties of CN stabilise cobalt atoms, maintaining uniform distribution.*” STEM-EDX analysis
(Fig. S7) further supports this observation by revealing a low-intensity aluminium signal at the
outer surface of the modified catalyst, while nitrogen, carbon, and cobalt signals dominate. This
suggests that the outer layer is primarily composed of CN and cobalt species, with only minor
contributions from the underlying Al>O3 support. Despite the weak Al signal, the Co0304
nanoparticles remain well stabilised and homogeneously distributed within the CN shell,

highlighting the structural and chemical robustness of the coating.

The N adsorption-desorption isotherms of the studied samples (Fig. 3a) exhibit the typical features
of the type IV classification according to IUPAC, which is characteristic for mesoporous
materials.*® Capillary condensation is observed in the relative pressure range from 0.45 to 0.97. A
detailed analysis of the supports reveals that the coating of Al,Os with CN significantly changes
the pore structure in comparison to bare Al>Os. Initially, Al2O3 shows a hysteresis loop of type H2,
indicating complex and irregularly shaped pores. However, following the modification of Al,O3
with CN, a shift in hysteresis to type H3 is observed. This can be indicative of slit-shaped pores
formed by the aggregation of platelet-shaped particles.3*354¢ This change reflects the characteristic
of pure CN (Fig. S8), indicating a complete filling or, more likely, coverage of the Al>Os pore

structure by CN.
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Fig. 3. (a) Nitrogen adsorption—desorption isotherm and (b) incremental pore size distribution of the supports
and prepared parent catalysts.

The BET method suggests a specific surface area of 61 m? g* for CN@AI.03, which is only 35%
of the surface area of bare Al,O3 (Tab. 3). Analysis of the pore volume (Fig. 3b) using non-local
density functional theory (NLDFT) confirms a drastic decrease for CN@AI2Os, whereby the
average pore size of all samples lies in the mesoporous range of 2 to 50 nm.* It can be assumed
that the average pore diameter of the samples is not influenced by the tensile strength effect.4%
Comparison of the unmodified Co/Al>Os catalyst with the bare Al>Os suggests an unaltered pore
structure by the deposition of nanoparticles on the support. Hence, the nanoparticles are not
expected to block pores and, due to their larger size, will mostly be located on the external surface.
Interestingly, although both CN@AI>Oz and Co/CN@AI203 exhibit similarly reduced surface areas
and pore volumes, the decoration of CozO4 nanoparticles onto the CN-modified support leads to
further subtle changes in the isotherm shape and pore size distribution. This suggests that cobalt

species interact with the CN matrix, possibly through coordination to nitrogen functionalities or
9



via partial embedding into the CN layer. Such interactions can alter the local structure of the support
and influence the dispersion and stabilisation of cobalt species. The results demonstrate that the
coating of Al.O3 with CN mostly covers the Al.O3 pore structure while providing altered properties
similar to those of bare CN. These results emphasise the effectiveness of the coating process and
the successful synthesis of a stable and functional composite material with distributed

nanoparticles.

Tab. 3. Textural and structural characteristics of support and catalyst samples.

Al;O3 CN@AI>O3 Co/Al,0O3 Co/CN@AI,03

Cobalt loading (wt.%)? - - 1.7 1.8
Specific surface area (m? g1)P 175 61 176 40
Total pore volume (cm? g1)© 0.248 0.079 0.217 0.091
Average pore diameter (nm)° 3.651 4.051 3.642 4.013

dv,xrp 0f C0304 (Nm)4 - - 8.3

dv,tem of C0304 (Nm)® - - 8.8

a Determined by ICP-OES analysis.

b Determined by the multi-point BET method.

¢ Determined by the BJH desorption method.

d Calculated using Scherer equation from Co304 (311) plane from XRD.
e Calculated using Eqn ( 2).

XRD analysis of the parent catalysts features superimposed diffractions of all phases (Fig. 4). For
CN, a weak, broad peak and a main peak at 12.7° and 27.2° can be assigned to the (100) in-plane
repetitive unit of the tri-s-triazine moiety and (022) as the conjugate stacking of the aromatic
systems between the layers, respectively.® This peak particularly points towards the short-range
graphitic structure of CN, as it is a characteristic feature of these materials.®® Thus, it demonstrates

the layer-structural similarities between CN and graphene.®*°
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Fig. 4. Normalised XRD patterns of (a) modified samples and (b) unmodified samples as well as the reference
patterns for CosO. and bare CN.

The XRD pattern of CN@AI,O3 exhibits a superposition of the reflexes of y-Al.O3 and bulk CN.
This comes along with a significant reduction in the intensity of the diffraction of the stacking peak,
combined with a slight shift towards higher diffraction angles (Fig. S9). This trend is also observed
for the modified catalyst decorated with CosO4. This indicates that these materials have a smaller
distance between the base layers in the CN sheets. This is known for exfoliated CN materials and
is due to the fact that thinner layers lead to denser stacking.®* Hence, the minor shift of only 0.4° is
mainly caused by the coating of Al2Oz with CN, while the addition of CosO4 nanoparticles hardly

affects the crystal structure of CN.3*

The detailed structural characterisation of the CN modified samples was performed by means of
FTIR spectroscopy (Fig. 5). The prepared bare CN was compared to the CN@AI.O3 composite to
identify the influence of Al2O3 on the CN structure. The spectra for both, the reference CN and the
CN@AI203, are dominated by features of C—N aromatics, which are characterised via vibrational
modes in the fingerprint range of 1241 to 1650 cm™. These aromatic compounds have a basic

structure based on tri-s-triazine units, as indicated by the distinctive breathing mode at 812 cm™.4
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The CN@AI,03 composite exhibits a new vibration at 2165 cm™, which can be assigned to
isocyanate.>® The formation of this additional class of defects is caused by the hydroxyl groups on
the surface of alumina, which are identified with a clear broad band at 3600 cm™ for the bare Al.Os.
These functional groups anchor the amino groups of the transition states and prevent their complete

polymerisation to CN. 442
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Fig. 5. Normalised FTIR spectra of Co/CN@AI;O3, CN@AI,0s, bare CN and Al;O:s.
Cyano groups are known transition groups from urea to CN and act as electron donors, which are
effective anchoring points for nanoparticles or activation processes in the modified support.> The
broad bands in the range 3061 to 3414 cm™ can be assigned to N-H and O—H stretching vibrations
from adsorbed H,0.*4>% This demonstrates the presence of incompletely condensed amino
functions in all CN materials. The spectrum of the modified catalyst matches with the support,
which again confirms, as expected, that decoration with Co030s does not alter the structural

properties. The CozO4 nanoparticles can be identified by the new bands at 664 and 575 cm™. These
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bands correspond to the stretching vibrations of Co* and Co?', with Co®" being coordinated in a

tetrahedral manner, while Co?* exhibits an octahedral environment.>®

H.-TPR (Fig. 6a) was conducted to investigate the influence of different support systems on the
reduction behaviour of the CosO4 nanoparticles. Both catalysts exhibit two H, consumption peaks
at lower temperature due to the stepwise reduction of Co304 to CoO (a)) and subsequently from
CoO to Ca® (B).%® Deconvolution of the Hp-TPR profiles (Fig. S10-S11, Tab. S2-S3) suggests a
lower reduction temperature for Co/Al.Oz. The difference of approx. 15 °C, when compared to
Co/CN@AI203, can be explained by a Mott-Schottky interaction with CN.*"°” This interaction
delays the reduction slightly, but the accumulation of electrons allows the reduction to proceed
more completely and simultaneously. Despite both samples having the same cobalt content and the
very same parent CosO4 nanoparticles, variations in peak intensities are observed, which can be
attributed to the presence of distinct CoxOy species.®® Following modification, the intensity of the
peak in the 400 to 450 °C (B’) range is significantly enhanced compared to Co/Al;O3 as can be
seen from the deconvoluted peaks (Fig. S10-S11, Tab. S2-S3). This suggests that the CN
modification reduces the amount cobalt species with weak metal-support interactions and increases

those with stronger interactions.3®

In addition to the cobalt based reduction peaks, the Co/CN@AI:Os features an additional peak at
537 °C (y’) dominating the overall H> consumption. In fact, the major cobalt based reduction peak
from CoO to Co° only represents a shoulder of a more than three times more intense peak. This
excessive Hx consumption must be linked to interaction with CN, such as H> induced phase
transformation or even decomposition. Interestingly, a similar behaviour is observed during Ha-
TPR of bare CN with a major peak (y”’) for H> consumption at approx. 730 °C, which is in the

range of the reported thermochemical stability under H, for other CN materials.5®%° The difference
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in the peak temperatures of y’ and y”’ of almost 200 °C strongly points towards a lower stability of

CN in the presence of cobalt based nanoparticles.
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Fig. 6. Ho-TPR profiles of the Co/CN@AI.O3; and Co/Al,O3 catalysts, as well as pure CN. H, consumption was
acquired in a 5% H,/Ar atmosphere from 50-1000 °C with a heating ramp of 10 °C min™™.

Hence, the reducible nanoparticles seemingly strongly interact with the CN layers and/or provide
activated H> in a spillover-type mechanism. The latter might simply accelerate the thermochemical
decomposition of CN,** while interaction of Co® with N atoms in the CN might play a major role
for the former hypothesis. For example, reduction of nanoparticles along the interlayers of CN may
destabilise the structure of the CN causing a shift in the decomposition temperature.>® Either way,
the overall H2 consumption during TPR is significantly below the expected consumption for full

reduction of Coz04 plus complete decomposition of CN.
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Catalytic performance

CO: hydrogenation was conducted in a tubular fixed-bed reactor following in situ catalyst
activation in H,. Based on the results of H>-TPR as well as the reported reduction behaviours of
similar Co304 nanoparticles on Al.03% and less stabilising graphitic carbon support,*? the catalysts
were reduced at 350 °C for 8 h in 40% H/Ar. This moderate reduction temperature may also
accommodate the low thermochemical stability of CN (Fig. 6). Catalytic testing at 5 barg using a
4:1 molar inlet ratio of H2:CO. was conducted for temperatures in the range of 300 to 375 °C with
25 °C intervals and holding time of 2 h each (Fig. 7). The Co/Al;03 and Co/CN@AI.03 catalysts

display a strong influence of the CN modification from the beginning of the catalytic testing.
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Fig. 7. H, (dotted line), CO, conversion (solid line) and CH. selectivity (dashed line) at different temperatures for
() Co/CN@AI;O3 and (b) Co/Al,Oz during CO, methanation at 300 to 375 °C and 5 barg with a H2:CO; inlet
ratio of 4:1 and a WHSV of 5000 mL h™* g™*. The light grey solid line represents the equilibrium CO- conversion. The
tabular overview below summarises the average CO- conversion and CHa selectivity at each temperature.
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At the first temperature level (300 °C), the unmodified catalyst achieves a stable CO> conversion
of 7%, while the CHj4 selectivity rapidly stabilises at 71%. Contrary, the Co/CN@AI,O3 catalyst
experiences a strong activation from 20 to 30% conversion of CO», which is accompanied by a
selectivity switch from 50 to 85% CHa. Noteworthy, the activation is not complete after the first
holding time of 2 h suggesting an even higher potential. This is evidenced when increasing the
temperature to 325 °C, which seemingly accelerates the activation process. Both, the CO;
conversion and the CHa selectivity, stabilise at 42 and 90%, respectively, while the Co/Al>Os
benchmark seemingly only experiences the expected accelerated kinetics due to the temperature
increase without a significant effect on selectivity. During the following temperatures, the
Co/CN@AI03 achieves a maximum CO- conversion of approx. 63% and a CHj selectivity of 94%
at the highest operation temperature of 375 °C. In comparison, the unmodified Co/Al,O3 catalyst
exhibits a significantly lower efficiency with a maximum CO: conversion of 19% at a CHa
selectivity of 66%. These results emphasise the superior performance of the CN modified catalyst
with stable conversion levels are obtained upon the initial activation period. Contrary, Co/Al>O3
operates at low conversion levels, while a decreasing CHa selectivity during the holding time at
higher temperatures of 350 and particularly 375 °C suggest structural changes in the catalyst. These
structural changes may involve the agglomeration of active phases, reducing its surface area or

changes in the surface and porosity, which can affect the catalyst efficiency.
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To assess the effect of temperature variation, the catalysts were again tested at a final temperature
of 325 °C (Fig. 8). The Co/Al20s catalyst exhibited a decrease of the CO2 conversion from 10 to
7% when compared to the same temperature during the initial temperature profile, representing a
decline to approx. one-third of the initial conversion rate. In contrast, Co/CN@AI.O3 only showed
a slight decrease from 42 to 38%. In addition, the methane selectivity only decreased by 2% in the
case of Co/CN@AI203, while Co/Al,O3 showed a change in its former performance, likely due to
the altered catalyst surface during the heating phase, causing a lower CHa selectivity. Expectedly,
this change was accompanied by an increased formation of CO for the unmodified catalyst, which
indicates an incipient shift in the reaction mechanism towards RWGS at higher operation
temperature. In line, the CO> conversion for Co/Al>O3 was higher than the Hz conversion at 375
°C. This behaviour was not observed for the modified Co/CN@AI.O3 catalyst with an almost

equimolar conversion of CO2 and H> throughout the experiment.

The CHa productivity of both catalysts visualises the strong boost in activity and selectivity for
Co/CN@AIOs3 at all temperature levels (Fig. 9). It is once again noted, that both catalysts were

prepared with the same parent CoszO4 nanoparticles and the observed difference is due to the effect
17



of CN on the nanoparticles during reduction and CO2 hydrogenation. For Co/Al2O3, the previously
indicated structural changes in the catalyst resulted in an increasing CO and decreasing CHa
productivity, which becomes more prominent after each temperature increase. In contrast, no
significant change in CO productivity is detected for Co/CN@AI,QO3 after the initial activation

period, i.e. even operation at higher temperatures suppressed the RWGS reaction.

(a) == CH, == CO (b)
o e
300+ — 300+
0.0204 0.020

e P aniiatad =
- ' " -

o o

00.0154 - 0 0.015
_U) 'f‘ LT ) ‘l _U-,

: ! Lo e

'

~ 0.0101 Pl \ ~ 0.0101
Py 0 Vovmad 2>
= ' =
g 0.00 - E 0.00
5 . 5" ’/ S . 5"

2 ’ o
o 2’ o

0000 T T T T T T T T
0 2 4 6 8 10 12 14 16
TOS/h TOS/h

Fig. 9. CH4 (dotted line) and CO productivity (solid line) at different temperatures for (a) Co/CN@AI,O3; and
(b) Co/Al,O3 during CO, methanation at 300 to 375 °C and 5 barg with a H2:CO; inlet ratio of 4:1 and a Co loading of
1.8 wt.%.

Characterisation of the spent catalysts

XRD of the spent catalysts (Fig. 10) was conducted without a dedicated passivation step before the
removal of the catalyst from the reactor. After the reaction, the reactor was cooled to ambient
temperature under a flow of argon and then opened to allow diffusion-limited re-oxidation of
pyrophoric Co. Hence, re-oxidation of metallic Co is expected to result in a CoO shell with a
metallic core.®! The absence of diffraction peaks of CosQ4 in the XRD patterns of the spent catalysts

indicates the successful diffusion limited passivation and initial reduction of both catalysts. In line
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with literature,®* the absence of strong CoO features suggests a thin oxide layer. Contrary, metallic
cobalt peaks are identified at 44.4, 51.5, and 75.8°, which can be attributed to the (111), (200) and

(220) fcc-Co planes, respectively.
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Fig. 10. Normalised XRD patterns of (a) modified samples and (b) unmodified samples before and after CO>
methanation as well as the reference XRD pattern for Co30., CoO, fcc- and hep-Co.

Surprisingly, the XRD pattern of the spent Co/CN@AI2O3 catalyst does not feature the CN
diffraction of the parent catalyst at 27°, while a new diffraction at 20° becomes evident. The new
peak position matches carbon with a limited long-range structure, such as N-doped carbon.52%3
This observation suggests that CN has undergone a structural change during the reduction or
reaction, possibly due to thermal or chemical activation as observed by an increased H:
consumption at higher temperatures during Ho-TPR. As Co/CN@AI>O3 remains functionally
during catalytic testing (Fig. 7) the Co nanoparticles remain sufficiently stabilised and even

experience the previously discussed activation. Otherwise, the pattern of the spent Co/CN@AI203
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catalyst resembles the one of the benchmark Co/Al,O3z catalyst. More intense, narrow Co peaks for
the unmodified catalyst suggest larger crystallite sizes, which represents the strongest deviation
between both patterns. This observation suggests sintering of the nanoparticles during reduction
and/or catalytic testing,®* which may explain the decreasing selectivity towards CH4 at higher

temperatures.

To investigate the structural or oxidation state changes induced during treatment of the catalyst and
exposure to reaction conditions, the catalysts Co/CN@AI.O3 and Co/Al,Oz were analysed by X-
ray photoelectron spectroscopy (XPS) before (parent) and after (spent) catalytic testing (Fig. 11).
For the Co/CN@AI203 system, the N 1s spectrum (Fig. 11a) of the parent sample shows excellent
agreement with the characteristic spectral profile of CN. Two dominant features are observed,
namely a peak at approx. 398.9 eV, attributed to pyridinic nitrogen, and a second peak at around
400.7 eV, corresponding to tertiary nitrogen (N-(C)3). These two components are indicative of the
intact, conjugated structure of CN.%° After the reaction, the N 1s signal of the spent sample is
strongly reduced, approaching the detection limit. This suggests decomposition of the CN structure,

leaving behind an amorphous thin carbonaceous layer with low nitrogen content.
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Fig. 11. N 1s (a) and C 1s (b) XPS spectra of Co/Al,O3 and Co/CN@AI,O3 samples in the parent and spent states. All
intensities are normalized to the maximum of intensity.

This interpretation is further supported by the C 1s spectra. In the Co/CN@AI>O3 parent sample,
distinct peaks are observed at 285.0 (C—C/C=C), 286.4 (C-N, C-0), and 288.6 eV (C-Nz3) (Fig.
11b) supporting the presence of CN on the surface. In contrast, the overall intensity of the C 1s
spectrum of the spent sample is significantly lower and in particular the peak at 288.6 eV attributed
to CN3 decreased clearly. This structural degradation is also reflected in the quantitative analysis.
The total carbon content decreases from approx. 22 at.% in the parent sample to about 11 at.% in

the spent sample.

Similar degradation of CN has been previously reported in the literature and linked to the formation
of transition metal carbides. Park et al.?® demonstrated that, when using iron as the active
component, the breakdown of the CN matrix facilitated in situ carburisation to FesC», which was
accompanied by a significant increase in catalytic activity. In the present study, the Co 2p region
(Fig. S12) in the spectrum for Co/CN@AI.O3 does not allow for unambiguous identification of a
Co02C phase. The measured cobalt total content is approx. 4 at.%, but it is assumed that any potential
carbide formation would be limited to a thin outer shell of the cobalt particles which could

principally be detected together with the further dominant cobalt species. However, such carbide
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phases typically show a low stability. Potentially formed Co.C may have decomposed and/or re-
oxidised. Additionally, the C 1s spectrum of the spent sample shows no signal in the ~282.0—
283.5¢V range (Fig. 11b), which would be characteristic of metal-carbon bonds in carbides,

further supporting the absence of stable Co.C species in the analysed samples.

In the parent sample, cobalt is present dominantly present as Coz0s4, as indicated by the main peak
at ~780.0 eV and the characteristic satellite structures at ~785-790 eV. Several fitting procedures
are commonly applied to Co 2p spectra. Following the approach applied by Lukhach et al.,®® the
model here considers a main broader peak accompanied by a satellite structure for each Co®* and
Co?* oxidation state. Comparison of the different spectra clearly shows that partial reduction of
Co304 occurred under catalytic conditions. After air exposure during post-reaction handling, this
reduced phase appears to have stabilised in the form of CoO. A comparison with the unmodified
reference catalyst Co/Al>O3 reveals that CN modification has no significant influence on the
oxidation state or chemical environment of cobalt. In both systems, comparison of the Co 2p spectra
of the parent and spent samples lead to similar conclusions: cobalt is present as CozO4 (with some

Co?*) before the reaction, and as a mixture of Co3O4 and CoO after the reaction.

SEM micrographs of the spent Co/CN@AI,O3 catalyst (Fig. S13a, c) reveal that the Al>O3 surface
is still covered by a porous structure, which is most likely a carbonaceous phase as suggested by
XRD and XPS. In general, the morphological structure of the modified catalyst after CO-
methanation is similar to the initial coating of CN layer (Fig. 2d). Analysis of the distribution of
the cobalt phases also shows minor changes. This result is indicative for a stabilised cobalt phase

irrespective of the apparent strong structural change of the modified support.

In contrast, SEM analysis of the unmodified catalyst after catalytic testing suggests less

stabilisation of the nanoparticles (Fig. S13b, d), which is in line with an increased crystallite size
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according to XRD. Here, the inhomogeneous distribution of the cobalt-rich areas on the catalyst
surface, which was already apparent after preparation, was even more evident with a complete
absence of individually dispersed nanoparticles. Instead, cobalt is now solely identified in enriched

areas, whereby the previously well-distributed nanoparticles form large agglomerates.

This observation is further supported by TEM and HAADF STEM imaging (Fig. 12), which reveal
distinct structural differences between the two catalysts after testing. The unmodified Co/Al203
shows extensive particle sintering and coalescence. In contrast, the CN-modified Co/CN@AI>O3
catalyst to a large extent retains dispersed nanostructures, as evident from the uniform distribution

of small cobalt-containing domains across the carbon-coated surface (Fig. S14).

a) Co/CN@AIl,O; parent

¢) Co/CN@AI,O5_spent

3 ool

Fig. 12. TEM (parent, top) and HAADF STEM (spent, bottom) images of Co/CN@AI,Os (a, ¢) and Co/Al,O3 (b, d)
catalysts before and after catalytic testing.
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Discussion

The results of the conducted studies suggest a strong influence of the CN layer on the nanoparticles,
which ranges from enhanced interaction during decoration with Co304 to a drastic increase in the
catalyst stability and performance during CO, hydrogenation. H.-TPR (Fig. 6) shows a lowered
thermochemical stability of CN in the modified Co/CN@AI2Os catalysts when compared to bare
CN, which is either based in hydrogen spill over from the cobalt nanoparticles to CN or strong
interaction of nanoparticles with N atoms in the CN structure. Post-run characterisation by means
of XRD (Fig. 10) even reveals the absence of CN diffractions despite of a moderate reduction
temperature and CO> hydrogenation at < 375 °C, which is approximately the onset temperature of
the excessive H, consumption during TPR. Park et al.?® reported similar results for a
Co/CN@AI,O3 catalyst after FTS. SEM and XRD of the spent Co/CN@AI.O3 suggest the
formation of a carbonaceous phase with similar morphology on the Al>O3 than the parent CN.
Despite the decomposition, SEM analyses (Fig. S13) confirm that the modified catalyst retains a

uniform distribution of cobalt nanoparticles.

In general, CO/CN@AI>Os shows a significantly increased CO. conversion (Fig. 7), which is
further improved during an activation period, and strongly favours methanation over RWGS with
a selectivity switch from 50 to 94%. The superior performance of Co/CN@AI.O3 could be
attributed to several factors. Firstly, CN modification enables an improved distribution during
decoration of the support with the separately synthesised Coz04 nanoparticles. In addition, the
modification supresses sintering of the cobalt phase when compared to Co/Al,O3, which retains
the higher activity and methane selectivity. Furthermore, electronic interactions between CN and

the active phase could change the charge distribution at the active sites, which improves the
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selectivity in favour of methane formation.®’” The TPR measurements confirmed a stronger
interaction between the nanoparticles and the modified support,®® which ultimately leads to an
enhanced reducibility of the nanoparticles.?®?%% As incompletely reduced CoO, can inhibit
methane formation, this could also be another decisive factor for the increase in performance as a
result of the modification. All of these effects, which mostly increase the availability of Co® for
catalysis or improve the intrinsic catalytic activity of the catalyst, may explain the boost in activity

of Co/CN@AI>03 with a more than twofold conversion of CO2 than the benchmark.

The strong activation of Co/CN@AI203 together with the observed selectivity shift towards almost
exclusive production of CHy is particularly remarkable. This is most likely linked to the identified
transformation of the CN layer, which can be expected to also influence the physicochemical
properties of the cobalt phase. The nanoparticles may undergo structural modifications during the
reaction (Fig. 13), which in this case enhances their catalytic activity. While the initial boost in
catalytic performance could be attributed to the synergistic effect between the CN layer and the
Co® nanoparticles, the partial decomposition of CN during CO, hydrogenation conditions may
enhance stabilising electronic effects. Additionally, the CN-derived modification of the catalyst
can increase the selectivity for CHs by mechanistically enabling or accelerating formate
pathways.%® These interactions could result in a dynamic modification of the support surface

promoting the formation of highly active and selective Co°.%% "
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Fig. 13. Illustration of the evolution of the catalysts: Co/CN@AI,O3 (top) transforms into a well stabilised
Co,C/IN-C@AI03, while Co/Al;O3 (bottom) deactivates via particle agglomeration (carburisation scheme adapted
from Park et al.?8).

The physical structure of the CN layer remains intact even after undergoing significant changes,
namely transformation into a type of carbon layer. The presence of N-C, identifiable in the XRD
pattern of the spent modified catalyst,®® may enhance the intrinsic Co activity and also increase the
selectivity towards CO, methanation. The incorporation of nitrogen into the carbon matrix likely
creates active sites that promote the adsorption and activation of CO2 and hydrogen, improving
overall catalytic performance.’ Moreover, these nitrogen-induced defects in the carbon structure
can alter the electronic properties of cobalt,” enhancing charge transfer and lowering the energy
barriers for methanation reactions. The N-C layer may also contribute to the stability of the catalyst
by preventing sintering and deactivation during extended catalytic cycles.” As a result, the
synergistic interaction between N-C and cobalt leads to improved catalytic efficiency and
longevity. Another plausible explanation is the reorganisation of the Co® nanoparticles during the
activation period leading to an optimised particle size that facilitates and favours CH4 formation.
Aside from such a structural dependency, an actual phase transformation of Co® into a phase with

increased intrinsic activity and selectivity may also be at play, namely the formation of CoxN and
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CoxC during the decomposition of CN. Both Co2C and CosN exhibit promising catalytic activity
in CO2 methanation. Since it is already known that CN can promote the formation of Hagg carbide
in iron based FT catalysts, the decomposition of CN as a sacrificial support could similarly activate
cobalt based catalysts.?® Co,C, which is considered problematic in the FTS due to its high methane
selectivity,’® shows a strong structural dependency. While spherical particles promote undesirable
CH, formation, prismatic structures can be tailored to optimise product selectivity.”” Especially
particles smaller than 8 nm favour a high methane yield,”® highlighting the importance of size and
structure control. For CosN, no such structural effect is known, yet reports indicate a boost in
activity and CHa selectivity outperforming metallic cobalt.”® Mechanistic studies suggest that it

facilitates the formation of reactive intermediates.”®

Summary and outlook

This study presents the preparation and thorough characterisation of a Co/CN@AI>O3 catalyst that
significantly enhances CO. hydrogenation performance. The CN coating on Al2Os improves the
distribution and stability of cobalt nanoparticles, preventing aggregation and promoting stability.
As a result, the catalyst achieves up to 63% CO: conversion and 94% methane selectivity, far
surpassing the Co/Al>O3 catalyst with only 20% CO> conversion and 66% methane selectivity. In
conclusion, Co/CN@AI.03 shows superior stability and activity, which highlights the potential of

CN-coated supports for CO2 hydrogenation.

The CN layer enhances catalyst performance through strong interactions with cobalt active phase,
reducing nanoparticle sintering and improving nanoparticle reducibility, which is crucial for

methane formation. Additionally, during the reaction, structural changes in the cobalt phase may
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lead to the formation of Co2C or CosN, which can further contribute to the increased intrinsic
catalytic activity and methane selectivity. Post-reaction analysis suggests that the CN layer
undergoes structural transformations, possibly forming N-C, which could also play a crucial role
in improving catalytic stability and activity. While the present work presents the fundamental
concept and benefits of CN modification during CO> hydrogenation using cobalt based catalysts,
the exact mode of the highly active Co/CN@AI20Os3 catalyst and the fate of the CN modification
can be further studied in dedicated in situ studies. In particular, the formation of Co.C and other
potential phases during reaction conditions, and their influence on catalyst performance can be

investigated.
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Experimental section

Materials

Cobalt (1) acetate tetrahydrate (98%), neutral y-alumina (activated, neutral, 100-285 mesh,
Brockmann Activity I, Fig. S15), and melamine (99.0%) were obtained from Sigma Aldrich.
Benzyl alcohol, acetone, and ethanol were acquired from VWR (Germany). Aqueous ammonia
solution (25 wt.%) was purchased from Thermo Scientific. All chemicals were used without
purification with the exception of ammonia solution, which was diluted with deionised water to a

concentration of 20 wt.%.
Synthesis of Co3O4 nanoparticles

The benzyl alcohol route, a solvent-controlled heat treatment without use of surfactants,***® was
used to synthesise CosO4 nanoparticles according to literature.*’ In short, 3.2 g of cobalt acetate
tetrahydrate were dissolved in 100 mL of benzyl alcohol during magnetic stirring in a round-bottom
flask placed in an aluminium block on a hot plate at 70 °C. While maintaining vigorous stirring at
70 °C, 130 mL of 20 vol.% aqueous ammonia solution were added dropwise to the dark purple
solution resulting in the formation of a brown emulsion. When the pH reached 12 according to
universal indicator paper, the flask was promptly transferred to a preheated oil bath at 175 °C to
enable flash heating of the mixture. The sample was maintained at this temperature for 3 h for
aging, then allowed to cool to room temperature under ambient conditions. Subsequently, 100 mL
of diethyl ether were added to the mixture and the resulting dispersion was centrifuged in 45 mL
bottles at 7830 rpm for 30 min. The centrifugate was redispersed in 15 mL of ethanol using
ultrasonication and 30 mL of acetone was added to destabilise the nanoparticles for the following
centrifugation steps. This washing process was repeated once. The nanoparticles were collected

and allowed to dry in a fume hood.
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Preparation of carbon nitride modified alumina (CN@AI2053)

For the preparation of the CN@AI.O3 support,?® 15.0 g of melamine were dissolved in 350 mL of
deionised water in a 500 mL beaker and magnetically stirred at 65 °C for 15 min. A total of 14.0 g
of Al.Os was added, followed by an additional 30 min of magnetic stirring. Water was then
evaporated by heating to 120 °C using a hot plate and under continuous magnetic stirring. Once
the volume was reduced by half, the mixture was transferred into a crucible under continued
stirring, which resulted in a white slurry that solidified upon cooling to room temperature. The
solid was subjected to a controlled heat treatment in a semi-closed system with an initial drying
phase at 120 °C for 2 h, followed by heating at a rate of 2 °C min™ to 500 °C for 2 h to initiate the
polymerisation, which was followed by polycondensation at 550 °C for another 2 h. The resulting
yellow powder was washed with water to remove any residual precursors or NHs species and dried
at room temperature. Reference CN was prepared by placing 60.0 g melamine in a crucible covered

with a lid using the same heating programme as described above.
Catalyst preparation

The parent Co/Al,03 and Co/CN@AI203 catalysts were prepared via decoration of the supports
with the separately synthesised CozO4 nanoparticles.8%8! A desired quantity of Co3O4 nanoparticles
for a targeted loading of 2.3 wt.% was added to 25 mL ethanol, while the corresponding amount of
support material was added to 150 mL ethanol in a round bottom flask. Ultrasonication of both
dispersions for 1.5 h resulted in the formation of a stable dispersion for the nanoparticles, while the
support was additionally stirred mechanically using an overhead stirrer. The nanoparticle
dispersion was added dropwise under continuous ultrasonication to the support slurry. After an
additional 2 h of mechanical stirring during ultrasonication, the dispersion was transferred to a

rotary evaporator at 80 °C, 900 mbar, and 160 rpm for 2.5 h. Subsequently, the pressure was
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gradually reduced from 900 to 20 mbar over 2.5 h to ensure complete solvent removal and to collect
the parent catalyst. The targeted Co3O4 loading of 2.3 wt.% corresponds to a Co loading of

1.7 wt.%. The catalysts were sieved for use of the 20 to 106 um fraction in the fixed-bed reactor.
Characterisation techniques

High-resolution high-angle annular dark-field (HAADF) scanning transmission electron
microscopy (STEM) imaging was carried out using Themis 300 transmission electron microscopes
(TEM) (Thermofisher Scientific), equipped with a probe aberration corrector and operated at
300 kV. To enhance contrast, nanoparticles were supported on CN@AI.O3 prior to analysis.
Powders were applied to 300 mesh carbon-coated copper grids by gently covering the film side
and removing the excess via dry deposition. Number-based size distributions were determined by
measuring the size of more than 80 nanoparticles using the open-source ImageJ software package.®?
The number mean sizes (dntem), the volume-mean sizes (dv.tem), and the relative volume-based

standard deviations (ov,tem) were calculated based on the measured sizes di (Eqn (1) —(3)).

N
N .
dprem(nm) = L d (1)
g N
Zliv=1 nidi4
dy rgm(nm) = 2
Iivzlnidis ( )
2
i (nidi3(di — dyrem) ) (3)
N-—-1
TZ’LI nd;’
oy, rem (%) = dy rem X 100

where N is the number of measured particles, and n; are the particular fractions.

31



Scanning electron microscopy (SEM) was performed with a Zeiss GeminiSEM 500 with a thermal
Schottky field emitter cathode. In addition to an Everhart-Thornley and inlens secondary electrons

detectors an in-column energy selective backscattered (ESB) detector was used.

X-ray diffraction (XRD) was conducted using an X’Pert PRO diffractometer (PANalytical) operating
at 40 kV and 40 mA using a Ni filtered Cu Ka radiation source (1 = 0.15406 nm). The patterns
were acquired in a 26 scanning range from 5 to 80° with a step size of 0.017° and a total scan time
of 2 h. Obtained XRD patterns were compared to reference patterns of the Powder Diffraction File
of the Crystallography Open Database (COD ID; Co0304: 1538531, CoO: 1533087, fcc-Co:
9008466, hcp-Co: 9010967, Al,Os: 2015530). As the patterns of Co/Al>O3 spent catalysts were
affected by residual SiC, these peaks were masked in the diagram to facilitate data analysis and
discussion of the results, which leads to occasional gaps within the diffractogram (Fig. S16).
Diffraction line broadening analysis via the Scherrer equation (Co3Oa: (311) diffraction) with
correction for the instrumental line broadening and a shape factor of 0.9 was applied as a secondary

technique to estimate the crystallite size of the nanoparticles via XRD.

For N2 adsorption - desorption isotherms, the samples were degassed at 250 °C for 12 h. N>
physisorption was conducted at —196 °C (liquid N2) using a Quantachrome Nova 2000 instrument.
The specific surface areas and pore structure of the materials were approximated according to the

Brunauer-Emmett-Teller (BET) and Barrett-Joyner Halenda (BJH) methods, respectively.

FT-IR spectra of the samples were acquired using a Varian 660-IR device after dilution of the
samples with KBr powder, grinding and manual tableting. The measurements were obtained by

averaging 32 scans within the range of 400 to 4000 cm*and a resolution of 2 cm™,

A TGA 2 analyser (Mettler Toledo) was used to examine the weight fraction of CN in CN@AI203

composites by means of thermogravimetric analysis (TGA). Approx. 2 mg of the sample in a 70
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uL alumina crucible were continuously heated from 25 to 1000 °C at a heating rate of 10 °C min™
under a flow of 50 mL min of synthetic air. The amount of CN in CN@AI.O3; samples was
determined as the weight loss after removal of moisture, adsorbed water, and other volatile
compounds and the final weight after decomposition/oxidation of the thermally unstable CN, i.e.

the weight loss at temperatures exceeding 250 °C.

Cobalt loadings were determined using optical emission spectrometry with inductively coupled
plasma (ICP-OES). The measurement was carried out using an Agilent 725 (Agilent Technologies).
For this purpose, the catalysts were dissolved in a volumetric 3:1 mixture of HNO3z and HCI and
digested using a microwave. The solutions were atomised in argon plasma gas and the emitted light
was measured radially. By analysing the characteristic wavelength of this light, the concentration

of the elements in the solution could be determined.

The catalyst reducibility was assessed using Hz temperature programmed reduction (H2-TPR),
which was conducted using an AMI-300 (ALTAMIRA) equipped with a thermal conductivity
detector (TCD). Volatile organic compounds and water were removed at 200 °C (10 °C mint) in
Ar for 2 h prior to analysis. H. consumption from a 5% Ha/Ar gas flow was quantified during a

temperature ramp from 50 to 1000 °C with a heating ramp of 10 °C min™.

XPS measurements were performed using a K-Alpha XPS spectrometer (ThermoFisher Scientific,
East Grinstead, UK). For data acquisition and processing, the Thermo Avantage software was used.
All samples (parent and spent, with and without CN) were analysed using a microfocused,
monochromated Al Ka X-ray source (400 pum spot size). The K-Alpha charge compensation system
was employed during analysis, using electrons of 8 eV energy, and low-energy argon ions to
prevent any localized charge build-up. The spectra were fitted with one or more Voigt profiles (BE

uncertainty: + 0.2eV) and Scofield sensitivity factors were applied for quantification.®® All spectra
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were referenced to the C 1s peak (C-C, C-H) at 285.0 eV binding energy controlled by means of

the well-known photoelectron peaks of metallic Cu, Ag, and Au, respectively.
CO2 methanation experiments

Catalytic CO, methanation was assessed in a tubular fixed bed reactor with an internal diameter of
6.50 mm (Fig. S17). Before the experiment, 750.0 mg of the catalyst were diluted with 375.0 mg
of SiC, loaded into the isothermal zone of the reactor, and fixated with two quartz wool plugs on
both sides. The catalysts were reduced in situ using a 40% Ha/Ar gas flow of 45 mL min™ at 350 °C
for 8 h. After this activation process, the system was left to cool to 100 °C under a continuous flow
of Ar. A pre-mixed gas mixture (H2/CO2/Ar = 72/18/10) was used for CO, methanation
experiments using a flow rate of 62 mL min, which corresponds to a weight hourly spaced
velocity (WHSV) of 5000 mL h? g, The catalytic experiments were performed in the temperature
range from 300 to 375 °C with 2 to 3 h holding times at temperature intervals of 25 °C and a
constant pressure of 5 barg. A final temperature step at 325 °C was added at the end of the
experiment. The effluent gas of the reactor was analysed by an online ©~GC Fusion Gas Analyzer

system equipped with TCDs (Inficon).

The catalytic performance of the catalysts was assessed based on the conversion of CO, and H:
(Xco,, Xu,) as well as selectivity towards CHs and CO (S¢y,, Sco), Which are calculated according
to equation (4 ) and ( 5), respectively.®* The cobalt based productivity was calculated based on

equation ( 6).

in — Mkout

X (%) = -100
KA70) = (4)

Nk in
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N out
Si(%) = =—— -100
l( ) anroducts (5)

n.
Productivity (mol gz h™1) = Lout

(6)

mcat,metal

where, n ;, and ny o, are the molar flow rates of CO2 or Hz at the reactor inlet and outlet,
respectively. Additionally, n; ,,,, is the molar flow rate of methane or CO at the reactor outlet that

can be generated with a given mass of catalyst metal mq¢ metar-
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