Rational design of selective metal catalysts for alcohol amination with ammonia
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Abstract: The lack of selectivity for the direct amination of alcohols with ammonia, a modern and clean route for the
synthesis of primary amines, is an unsolved challenge. Here, we combine first-principles calculations, scaling relations,
kinetic simulations and catalysis experiments to unveil the key factors governing the activity and selectivity of metal catalysts
for this reaction. We show that the loss of selectivity towards primary amines is linked to a surface-mediated C-N bond
coupling between two N-containing intermediates: CH3;NH and CH,;NH. The barrier for this step is low enough to compete
with the main surface hydrogenation reactions and can be used as a descriptor for selectivity. The combination of activity
and selectivity maps using the C and O adsorption energies as descriptors is used for the computational screening of 348
dilute bimetallic catalysts. Among the best theoretical candidates, CoggsAg15 and CoggsRu45 (5 wt% Co) are identified as

the most promising catalysts from experiments.



Synthetic amines are major intermediates for the industrial production of pharmaceuticals, agrochemicals, bioactive
compounds, polymers and dyes.1 In particular, primary amines are key reagents for derivatization reactions. Traditionally,
amines are synthesized either from the direct reaction of ammonia with alkyl halides, or by reduction of nitro complexes and
nitriles, generating harmful by-products, waste (e.g., salts) and using stoichiometric amounts of H,. Reductive amination of
carbonyl compounds is another well-established methodology for the synthesis of primary aliphatic amines. Carbonyl
reagents can also be generated in situ by the dehydrogenation of alcohols over H,-borrowing catalysts in the presence of
amines and ammonia, favouring the generation of imine intermediates and providing the H atoms required for their
conversion into amines. The direct amination of aliphatic alcohols with ammonia over heterogeneous catalysts is an already
industrialized technology on a multi-thousand-ton scale.® Furthermore, the amination of biomass-derived alcohols to higher
order amines is envisioned as a promising route for a sustainable expansion of the amine chemistry, since water is
generated as sole by-product and the process is compatible with biorefineries.* Despite these benefits, industry still faces
numerous challenges for amine production, most especially when regarding the synthesis of primary amines from alcohols.
Ammonia is a poor amination reagent compared to the generated primary amine, resulting in a lack of selectivity as

illustrated in Figure 1. Also, nitrile is a potential by-product that requires an additional pressure of H, to be suppressed.
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Figure 1. Reaction scheme for the catalytic amination of primary alcohols by ammonia. The scheme includes
standard side reactions (dehydrogenation of the imine into nitrile, in green; primary alcohol amination by the primary
amine, in red). Here we show that, in addition, a surface mediated C-N coupling plays a crucial role for the loss of

selectivity in primary amine.

The most advanced Hx-borrowing catalysts for the direct synthesis of amines from alcohols rely on homogeneous Ru and

5,6,7,8,9,10

Ir complexes. In parallel, versatile heterogeneous catalysts based on transition metals have been developed, but

they are only efficient on a specific scope of substrates. For example, noble metals such as Ru hydroxide,11 alumina-
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supported Ag clusters with Lewis acid co-catalyst,12 AgMo mixed oxides,™ Au nanoparticles over titania," Pt-Sn over Y-
Al,03," and Pd nanoparticles supported over Fe,0s,"° MgO17 and entrapped in boehmite nanofibers,'® were reported to be
active in the N-alkylation of amines with aromatic alcohols. Moreover, noble-metal catalysts often suffer from poor activity
for aliphatic substrates, low selectivity to monoalkylation and require promoters or co-catalysts. In contrast, non-noble metal

19,20,21,22,23,24,25,26,27,28 and combinations thereof 29,30,31

catalysts based on the Ni-Cu-Co triad exhibit versatile activity and a
variable degree of N-substitution in the amination of aliphatic alcohols with ammonia at mild conditions and without additives.
Despite these developments, the design of active and selective catalysts for the direct synthesis of polyamines from polyols
is still an unsolved challenge.

To gain insight into the factors governing the activity and selectivity of metal catalysts, theoretical calculations have

played a complementary (or even decisive) role in the last decade.?*%

However, as of today, no report is available on the
relation between the nature of the catalyst and the activity/selectivity for the direct amination of alcohols, hence hampering
rational catalyst design. Herein we present a joint theoretical and experimental study to unveil the key descriptors that
control activity and selectivity for direct alcohol amination reactions using an NH; source and a library of transition metals.
Our approach relies on the construction of scaling relations for the binding energy of intermediates on the catalyst through
C, N or O atoms, combined with microkinetic modelling. The strategy emerging from this theoretical approach has been
validated using tailor-designed experiments on a series of mono- and bimetallic catalysts using the amination reaction of 1-

octanol with NH3; as a case example.

Results

DFT calculations using a model reaction. In a first step of our study, methanol (CH3;OH) was used as a model aliphatic
alcohol that was extended later to 1-octanol (see below). The reaction pathways were explored on compact surfaces for a
library of nine transition metals (i.e. Co, Rh, Ir, Ni, Pd, Pt, Ru, Re, Os) for which the structural and energetic data are
compiled in Supplementary Figures 3-11. At a typical NH; pressure for amination experiments (67.5 kPa), the surface was
found to be not bare, but partially covered by NH; (coverage of 1/9 ML), and the inclusion of chemisorbed NH; was required
to properly assess the relative activity of Pd and Ni catalysts.34 In light of this observation, co-adsorbed NH; was hence
considered in the remainder of this study for all possible pathways under the general Ho-borrowing mechanism. Overall, this
mechanism comprises three consecutive steps (Figure 2):5’6 (1) dehydrogenation of CH3;0H to formaldehyde (CH;0); (2)
reaction between CH,0 and NHj; to generate methanimine (CH,NH) and water; and (3) hydrogenation of CH,NH to the final
methylamine (CH3NH,;). The surface intermediates have been partially identified in the literature by combining dedicated
kinetic measurements with isotope labelling experiments.35 The second reaction can be assumed to be at equilibrium with

the gas phase on the guidance of recent experimental findings.36’37'38
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Figure 2. Main reaction pathways considered in the DFT calculation for methanol amination with NH;. The

pathways include one co-adsorbed NH; molecule and the metallic catalyst surface is represented by a grey rectangle.

After CH30H adsorption driven by H-bond formation with a co-adsorbed NH3; molecule, two pathways are a priori
possible for the dehydrogenation step depending on whether one starts from C-H or O-H bond activation, forming CH,OH
or CH30 as intermediates, respectively. After rapid formation of CH,NH, the hydrogenation of the latter can similarly proceed

via two analogous paths, forming CH,NH, and CH3NH as intermediates.

Reduction of dimensionality using scaling and Brensted-Evans-Polanyi relations. The energies of surface
intermediates along the pathway are not independent and scaling relations can reduce the number of governing energy
parameters to only 3. Indeed, the adsorption energy of the intermediates presenting an unsaturation at the C atom (resp. O

3940 The number of

atom, N atom) can be linked by scaling relations to the adsorption energy of atomic C (resp. O, N).
independent parameters can be further reduced to 2 by noting that the C, N and O adsorption energies follow an
approximate but low-error linear relation (Supplementary Figure 12). This is explained by the fact that adsorption energy of
a species is linked to the energy of its highest occupied molecular orbital (HOMO), and that N being of intermediate
electronegativity, its HOMO energy can be expressed as a linear combination of that of C and O. Hence, our energy space
will be ascribed to C and O adsorption energies as independent energy descriptors, these being used to relate the

intermediate energies.

In addition to the energy of the different intermediates, transition state energies play a key role on the reaction kinetics.
Linear relations linking the activation energy of a given elementary step with its reaction energy have large applications. In

heterogeneous catalysis, a prototype is the Breonsted-Evans-Polanyi (BEP) relation, connecting the kinetics and

thermodynamics of a given elementary step.‘”"‘z'43

44,45

BEP or other relations can be applied to build kinetic models with limited
DFT calculations. In our case, BEP relations were used to connect the elementary step energy barrier to the reaction
energy of the different intermediates, these energies being linked to C and O adsorption energy descriptors as pointed out
above (Supplementary Table 1). Errors in these relations are lower than 0.15 eV, which provides a good basis for further
microkinetic modelling. The different energies characterizing the energy profile of the reaction network and the rate or
turnover frequency (TOF) of the reaction can then be expressed as a sole function of two energy descriptors, abridging the

screening of active catalysts for amination reactions.*®

The energy of the intermediates and transition states were integrated into an explicit microkinetic model using the set
of reactions listed in Table 1. In this approach, the dehydrogenation and hydrogenation steps were modelled as a Horiuti-
Polanyi elimination/addition of single hydrogen atoms. The reaction of CH,O with NH3, being assumed at equilibrium, was

modelled using an Eley-Rideal mechanism where CH,O and CH,;NH are adsorbed on the metal surface and NH3 and H,O
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react from the gas phase (Table 1, column 2). Alternative hypotheses for this step do not change the results (see details in

Supplementary Computational details and Supplementary Tables 2 and 3).

Table 1. Reaction mechanism for CH3;OH amination with NH;

1: CH3;0H dehydrogenation 2: CH,0 + NH; to CH,NH+ H,0 3: CH.NH hydrogenation
CH30H(g) + 2* <> CH30H* + * CH,0* + NH3(g) «» CH,NH* + H,O(g) CHoNH* + H* <> CH3NH* + *
CH30H* + * & CH30* + H* NH3(g) + * <> NH3* CHoNH* + H* <> CHoNHL* +
CH30H* + * & CH,OH* + H* H,O(g) + * < H,O* CH3NH* + H* <> CH3NHy* + *
CH30* + * «» CH,O* + H* CHoNHL* + H* <> CH3NH* + *
CH,OH* + * & CH,O* + H* CH3NH,* <> CH3NH,(g) + *

2H" — Hy(g) +2*

Note: (g): gas phase, *: active site corresponding to a surface with a pre-adsorbed NH3;

Microkinetic simulation of activity and selectivity. On the basis of the energies issued from the BEP scaling relations
and of the Eley-Rideal mechanism for the fast step from CH,O to CH,;NH, an activity map for amination (or equivalently
TOF for alcohol conversion) could be generated as a function of the C and O adsorption energies at representative reaction
conditions of amination reactions (453 K; 101 kPa, pcrson = 2.7 kPa, puz = 36 kPa and pnys = 24 kPa, Figure 3a). A TOF
map with broader boundaries is provided in Supplementary Figure 13. Noteworthy, this map does not exhibit a simple
volcano trend: it displays not only a maximum at low O adsorption energy (top left of Figure 3a), but also a ridge of high
activity for an O adsorption energy of ~-5.9 eV. The map presents multiple maxima since both alcohol dehydrogenation and
imine hydrogenation can follow two alternative pathways (Figure 2), and the optimum reaction path depends on the C and
O adsorption energy parameter values. In the following lines, the reader will observe that, even if it does not correspond to
the absolute highest activity on the map, this ridge presents good credentials for the design of amination catalysts.
Experiments for 1-octanol amination with NH;3 revealed a high TOF for amine formation for Ni (0.03 s'1) and Co (0.04 3'1)
and a pronounced decline for both Pd (4.2x10'3 s'1) and Ru (9.7x10'4 s'1) (Supplementary Table 4 entries 2, 4, 10, 13;
Supplementary Figure 14). The simulations, placing Ni and Co on the active ridge with a decrease on either side when
moving to Pd or Ru, are in good agreement with the measured TOFs. Pt (0.010 3'1) (Supplementary Table 4 entry 12;
Supplementary Figure 14) exhibit an activity ~3 times smaller than that of Ni and Co, while the computed values place Pt
at the same level. This slight discrepancy might point to a reduced Pt activity from poisoning during the amination
experiments. As a matter of fact, thermogravimetric analysis on the spent Ni, Co, Pd and Pt catalysts revealed that coke
was formed in all the catalysts during the reaction even if a high H, pressure was used (see Methods), but to a larger extent
in the case of Pt. In light of this observation, we can attribute the decrease in activity for Pt compared to the computed value
to coke formation (Supplementary Table 5). A degree of rate control analysis shows that the rate-determining step for the
reaction depends on the position on the map (O-H bond breaking in CH3OH for Os, Ru C-H bond breaking in CH3OH for Pt,
Ir, Pd, Rh and Ni, N-H bond formation from CH,NH to CH,NH, for Co and C-H bond formation from CH,NH, to CH3;NH- for
Re, see Supplementary Figure 15).

In addition to the catalytic activity, the selectivity towards a given amine (in our case primary) is also a key target for
amination. Our reaction network (Table 1), even if presenting already a large number of intermediates, does not account for
side reactions being responsible for a loss of selectivity due to the formation of secondary and tertiary amines. As shown in

Figure 1, one route for further alkylation of the amine comes from the possible coupling of the primary amine with the

5



37,38

aldehyde generating a secondary imine. This coupling is often proposed to occur in the homogeneous phase. However,

the observed selectivity is clearly metal-dependent,” which suggests that a surface reaction step is also at play for the
selectivity loss. A first possibility is the C-N coupling between the hydroxymethyl CH,OH and the aminyl CH3NH
intermediates into the aminoalcohol CH;NHCH,OH. However, from the calculated maps of intermediate coverage from the
kinetic simulations (Supplementary Figure 16) it is rather unlikely to find a metal catalyst that stabilizes both intermediates,
hampering this pathway. Moreover, the corresponding product has never been detected experimentally so far. Another
pathway for surface-mediated higher amine formation is the C-N coupling between different N-containing intermediates.***’
Our kinetic modelling shows that the aminyl intermediate CH3NH and the imine CH,NH are the most abundant N-containing
intermediates on most catalyst surfaces and that the presence of other species such as amino-alkyl CH,NH, or the amine
CH3NH; is rather unlikely (Supplementary Figure 16). Hence, the energy barriers were calculated on the above stated nine
transition metal surfaces for four C-N coupling reactions, i.e. CH3NH/CH;NH, CH3;NH/CH;NH,, CH,NH/CH,;NH, and
CH,;NH/CH,;NH, (Figure 4 and Supplementary Table 6-9). Transition states structures on Co(111) are shown in Figure 5,

and similar geometries were found on other metals (Supplementary Figure 17).
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Figure 3: Calculated maps for activity and selectivity controlling barrier. (a) Calculated activity (TOF) map for direct
CH30OH amination with NH3, and (b) Energy barrier for C-N coupling between CH3NH and CH,NH at the catalyst surface
conditioning the selectivity to the primary amine as a function of two energy descriptors, the adsorption energy of C (AEc)
and O (AEo). Pure metal catalysts are indicated on both maps with full black dots. Dilute alloys candidates with potential
high activity and high selectivity from the computational screening are indicated by blue crosses. AB and AB, systems are
rich in A and dilute in B and consist of a single B metal atom or B, dimer embedded in a (3x3) surface of A, hence with a
surface B content of 0.11 or 0.22 ML, respectively. Conditions for kinetic simulations: 453 K, 101 kPa, pchzon=2.7 kPa, py2
= 36 kPa and pnus =24 kPa.



Figure 4. Four possible C-N coupling pathways catalysed by the metal surface. The pathways are based on the most

likely surface intermediates on pure transition metals. The metallic catalyst surface is represented by a grey rectangle.

Figure 5. Transition state structures of C-N coupling between various N-containing intermediates on Co(111)
surface. a, CH3;NH/CH,;NH. b, CH3;NH/CH,;NH,. ¢, CH,NH/CH,;NH. d, CH,NH/CH,;NH,.

For the CH3NH/CH,;NH, coupling (Figure 5b), the energy barriers are higher than 2 eV for the different metals. Hence,
this C-N coupling is unlikely. The CH,NH/CH,NH or CH,NH/CH,;NH, couplings (Figure 5c, d) display lower barriers, but are
still in most cases higher than those obtained for the hydrogenation steps. The easiest C-N coupling is CH3NH/CH,;NH
(Figure 5a) for all metals except Ni, for which the CH,NH/CH,NH path is slightly less activated. Among the different metals,
Pt and Pd were found to favour the most C-N coupling reactions with barriers as low as 0.66 eV and 0.74 eV, respectively,
which are lower than the C-H or N-H formation barriers. The product of this coupling (i.e. CH3NHCH,;NH) leads to the
secondary amine by hydrogenation and further C-N bond cleavage. Since CH3NH and CH,NH also display the highest
coverage on the different metal surfaces according to our kinetic simulations, the energy barrier for CH;NH/CH,;NH coupling

can be used as a descriptor of the selectivity towards the primary amine: the lower the barrier, the less selective the catalytic
8



process is foreseen. This barrier nicely scales with the N adsorption energy for the different metals (Supplementary Figure
18), namely the stronger the N adsorption energy (in absolute value), the higher the barrier, since a N-surface bond needs
to be broken during the reaction. The activation energy for C-N coupling was hence represented by a simple function linking
AEc and AEg as illustrated in Figure 3b, providing a direct indication of selective (high activation energy, i.e. low AE¢ and
AEp) and non-selective regions (low activation energy, i.e. high AEc and AEp) in the maps. In agreement with the

experimental results for 1-octanol amination with NH3, also matching reported results,'"

Pt on top of the map exhibits a
high activity for amination, but a limited selectivity towards the primary amine (76 % selectivity to octylamine in our
experiment, Supplementary Table 4), since surface C-N coupling leading to secondary amines competes with imine
hydrogenation. Pd and Ir are also placed in an unfavourable region of Figure 3b, in agreement with experiments.19 In contrast,
the ridge of high activity in the middle of the map can provide more selective catalysts, which is the case of Co (90 % exp)
or Ru (88 % exp). Ni gives a limited selectivity to primary amine (60 %), despite its favourable position in the map. For Ni
an alternative C-N coupling reaction (CH,NH+CH,NH) provides a lower barrier, so that the simplified map of Figure 3b
overestimates its selectivity. Overall, the two maps plotted in Figure 3 provide guidelines for screening potential active and

selective metallic catalysts for the direct amination of alcohols.

Predicting active and selective bimetallic catalysts. The descriptors presented above for monometallic catalysts were
further used for designing bimetallic catalysts for amination. We performed extensive computations of C and O adsorption
energies on 348 different alloys by combining the transition metals in the periodic table. Dilute alloys of B in A (noted AB,)
were modelled by substituting one (n=1) or two neighbouring (n=2) A atoms on a p(3x3) supercell by metal B, resulting in
a coverage of B of 0.11 or 0.22 ML respectively. This screening identified 76 bimetallic alloys in the favourable window (-
8.0 eV < AE¢; <-6.8 eV and -6.4 eV < AEp < -5.4 eV), where high activity and selectivity can be expected (Supplementary
Table 10). Some examples are shown in Figure 3 marked with blue crosses. Nine alloy catalysts in three sub-families were
chosen for experimental validation using the direct amination reaction of 1-octanol with NH3. Doping was performed by co-
impregnation of the two metal precursor solutions over alumina with a surface dopant concentration affording 1.5 atom%
on the final catalyst. High Resolution — Transmission Electron Microscopy (HR-TEM) confirms the optimal metal dispersion
for the different catalysts (Supplementary Figure 19), whereas Scanning Transmission Electron Microscopy-Energy
Dispersive Spectroscopy-Silicon Drift Detector (STEM-EDS-SDD) shows an intimate interaction between both metals at the
level of spatial resolution of the cartographies (Supplementary Figure 20 and 21). Details for TOF, selectivity and yield to
N-products for the different catalysts are listed in Supplementary Table 4. We believe the other predicted bimetallic catalysts
in Supplementary Table 10 can trigger further experimental interests and efforts in developing catalysts for alcohol selective

amination reactions.

The first family explores the alloy configuration locally around Co by building dilute alloys of Ru, Ag, Pd and Pt in Co.
Our motivation was to devise a strategy to enhance the Co activity while maintaining (or even improving) the selectivity
towards primary amines. Co locates just below the high activity ridge (Figure 3a), and by doping with Pd and Pt, the O
adsorption energy decreases (in absolute value), shifting the CoMx catalyst towards the most active part of the ridge. This
effect is however small, about a factor of two at the maximum, since Co is already not far from the ridge. This observation
is attributed to the lower oxophilic character of Pd and Pt compared to Co. Turning now our attention into the selectivity
map, the shift of the O and C adsorption energy to lower absolute values brings CoPt and CoPd dilute bimetallic catalysts
to a region of lower C-N coupling barrier between CH3;NH and CH,;NH, suggesting a decrease of the selectivity towards the

primary amine. In contrast, in the case of Ru or Ag doping, a radically different perturbation is observed, with a non-modified
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O adsorption energy but a more negative C adsorption energy. For the CoRu case, Coz and Co,Ru three-fold hollow sites
are available, the latter mixed site being more stable for C adsorption leading to an energy intermediate between that of the
two metals. The situation is different for CoAg, since C interaction with Ag is weaker and the best site is Cos, electronically
modified by Ag neighbours. The C binding energy is hence not intermediate between that of Co and Ag (this would be lower
in absolute value than for Co), but in contrast even more negative than that of Co. Hence both dilute CoRu and CoAg
bimetallic catalyst are located at the left-hand side of Co in the diagram, exhibiting a similar theoretical activity compared to

the parent Co, but with an enhanced selectivity to the primary amine.

The experimental TOFs at isoconversion (39-43%) for the direct amination reaction of 1-octanol with NH; over the
Cogg sPt15, CoggsPdq 5, CoggsAg+.5 and Cogg sRuq 5 catalysts (Figure 6) were measured by considering the extent of reduction
(EOR) and metal dispersion for each catalyst (Supplementary Table 11). Doping with Pt and Pd strongly enhances the TOF
over the parent Co catalyst, but at the expense of a large decline of the primary amine (i.e. ocylamine, OA) selectivity (Figure
7). The combination of Co with Ru or Ag exerts only a small effect (decrease) on the TOF while the OA selectivity is
maintained in the margins of errors for Ru compared to the parent Co and even significantly increased in the case of Ag
doping (see also Supplementary Figures 22-24). Altogether, Cogg sRu4 5 and Cogg 5Ag+ 5 bimetallic catalysts exert an increase
by 8-10% of the OA yield compared to the monometallic Co catalyst. These results with Pt, Pd, Ru and Ag doping of Co

validate the predicted behaviour from our computation approach and Cogs 5Ag+5 appears as a high performance catalyst.

The second case deals with Pd-based alloy. As described above, Pd shows a limited OA selectivity, since C-N coupling
has a low barrier. Calculations suggest that a dilute alloy with Ru would benefit from the much better selectivity of Ru.
Indeed, the PdRu point is shifted to the low part of Figure 3b. In good agreement with this prediction, the Pdgs sRu, 5 catalyst
shows a high OA selectivity versus total amine produced (89 %, Figure 7, Supplementary Table 4, similar to the best value

for Co). However, the activity is not very high, so that the OA yield remains 4 times smaller than that for the Co catalyst.

The last example concerns alloys based on Ru. Ru shows a peculiar position on the map of Figure 3, exploring the left
part of the activity ridge and a zone where selectivity to the primary amine should be high. Dilute alloys with Pd, Ag and Ni
have been considered, since they span various positions on the activity ridge. A diluted alloy with Ni appears more on the
right-hand side of the ridge compared to the other alloys, so it is expected to be less selective to the primary amine, which
is fully confirmed by the experiments (77 % OA selectivity vs. 87 % for Ru, Figure 7, Supplementary Table 4). In contrast,
Rugs sAg+5 on the left-hand side of the ridge of Figure 3 is highly selective to OA (92 %). The activity however remains

markedly smaller than that of Co (6 times lower for the OA yield).
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Figure 6. Experimental TOF for amines in the amination of 1-octanol with NH; on cobalt based bimetallic catalysts.
TOF for primary amine ocylamine (orange) and total amine (green) formation is shown over bimetallic Cogg 5X4 5 catalysts
(X = Ru, Ag, Pd or Pt). Reaction conditions: T = 453 K, P = 101 kPa, poL = 2.7-16 kPa, pnus = 18-24 kPa, py2 = 36 kPa,
WHSVo, = 1-15h™. The catalysts were pre-reduced at 500 °C for 1 h before reaction. The catalysts are based on 5wt.%Co
over alumina with 1.5 atom% X prepared by co-impregnation of the Co and X aqueous precursors. The error bars were

measured according to the method described in the Supplementary Information (Catalytic Tests).
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Figure 7 Experimental selectivity to the primary amine ocylamine (OA) versus total amine produced. The considered
dilute alloys are compared with the parent metals: Cogg5Pt15, C0ggsPdq5, CoggsRU15 and CoggsAgs5 with Co, PdggsRuq 5
with Pd, RuggsPd; 5, RugssNis 5, RuggsAgss with Ru. Reaction conditions are identical to those in Figure 6. The error bars

were measured according to the method described in the Supplementary Information (Catalytic Tests).
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Conclusion

Linking the catalytic performance with surface properties is a key objective in heterogeneous catalysis. The factors
governing the activity and selectivity of metal catalysts for the direct amination of alcohols were assessed by combining
first-principle calculations, microkinetic modelling and catalytic experiments. Using simultaneously adsorption-energy and
activation-energy scaling relations, the activity and selectivity for metal catalysts could be mapped by using only two
descriptors, selected as the adsorption energies of O and C atoms on the catalyst surface. The catalytic activity was mainly
controlled by the O adsorption energy and accordingly the oxophilic nature of the metal catalyst. Two zones of high catalytic
activity emerge: one for weakly oxophilic metals (around Pt) and a second one for metals with higher O adsorption energy
(around Ni and Co). We show that a major reason for the loss of primary amine selectivity is a surface-mediated C-N bond
coupling between two N-containing intermediates: CH3;NH and CH,;NH. The barrier for this step is low enough to compete
with the hydrogenation towards the amine product, and was used as a descriptor for the catalyst selectivity towards the
primary amine. The barrier for this unwanted C-N formation surface reaction was linearly correlated to the N adsorption
energy on the catalyst, and therefore to O and C adsorption energies, hence providing a simple graphical representation of
the selectivity. More oxophilic metals exhibit higher C-N coupling barriers, and hence a better selectivity towards primary
amines. This observation provides a clear explanation why noble metal catalysts (Pt, Pd) are not selective for primary amine
formation.

The descriptors used for the activity/selectivity maps developed for monometallic catalysts were further used to design
bimetallic catalysts by computational screening of a large ensemble of dilute bimetallic solids. 76 candidates with potential
high activity and selectivity for the reaction were found. From these, three families of dilute bimetallic systems, based on
Co, Pd and Ru have been tested experimentally. Experiments validate the trends shown in the theoretical activity/selectivity
maps. The combination of Co with Pt or Pd (Cogg sPt; 5 or CoggsPd;5) may enhance the TOF for 1-octanol conversion, but
since this enhancement is based on a reduced oxophilic character, this is unfortunately accompanied by a decrease of
selectivity towards the primary amine. The combination of Co with Ru or Ag shows a weak effect of the activity, but the
selectivity to the primary amine compared to the Co parent catalyst is maintained or even increased for the Ag doping case,
resulting in the best catalyst produced in this study (Cogs 5Ag+.5). Pd and Ru based alloys produce highly selective catalysts,
but the activity remains moderate. The theoretical methodology described in this paper opens up a route for the rational
design of more selective catalysts for direct amination reactions of alcohols and can be extended to other complex reaction

networks where selectivity acts as an important bottleneck.

Methods

Theoretical method and models: All computations were performed by applying plane-wave based density functional
theory (DFT) with the Vienna Ab Initio Simulation Package (VASP).48’49 The electron ion interaction was described with the

projector augmented wave (PAW) method,***"

while the electron exchange and correlation energy was solved within the
generalized gradient approximation with the Perdew-Burke-Ernzerhof formalism (PBE).52 An energy cut-off of 400 eV was
used to ensure accurate energies. The density-dependent dDsC method was used for the dispersion correction.”® The
calculated adsorption energy for methanol on Pt(111) at 1/9 ML coverage (0.51 eV) agrees well with single-crystal

adsorption calorimetry.54

Microkinetic modelling method: For mapping the catalytic activity, we used the descriptor-based microkinetic software

12



package CatMAP developed by Medford et al.,"® which is based on scaling and BEP relations. However, some essential
modifications were introduced into the original software to obtain correct steady-state coverages, since the default approach
to solve the microkinetic model in CatMAP was found to yield incorrect zero activity for some descriptor combinations (more

details could be found in Supplementary Methods).

Experimental methods: A series of monometallic (Ni, Co, Pd, Pt, Ru) and bimetallic (CoggsPt15, CoggsPd 5, CoggsRU1 5,
Cogs5Ruy 5, Cogs5Ag15, NiggsRuqs, PdgssRuqs, RuggsPdss, RuggsNiqs, RugssAgys) catalysts based on 5wt% for the main
metal and a nominal molar composition of 1.5 mol% for the second metal were prepared by incipient wetness impregnation
using an aqueous solution of metal nitrates over y-Al,O3 (see details in Supplementary Methods and Supplementary Figures
19-21 and 26-30). The catalysts were characterized in detail by inductively coupled plasma - optical emission spectrometry,
X-ray diffraction, HR-TEM, STEM-EDX-SDD and H,-Temperature Programmed Reduction (H,-TPR) (see details in
Supplementary Table 11) and were further tested in the gas-phase amination of 1-octanol with NH; in a fixed-bed reactor
at 453 K and 101 kPa total pressure using a feed flowrate of 0.6-9.0 mL-h™ and a catalyst weight of 500 mg. The partial
pressure of 1-octanol, NH; and H, were kept in the range 2.7-16 kPa, 18-24 kPa and 36 kPa, respectively, while balance
N, was used as carrier. Notably, a high H, partial pressure was employed to discourage deactivation by coke formation and

%5857 Besides, dedicated tests for 12 h on stream for the

to ensure the measurement of intrinsic conversion and selectivity.
bimetallic Co and monometallic Ni catalysts revealed no apparent change of the catalytic activity, pointing out a lack of
catalyst deactivation by coking. The catalytic tests were conducted at least three times on consecutive experiments with a
time on stream of 3 h for each test. The kinetic curves were measured by changing the weight-hourly-space-velocity (WHSV)
in a random fashion. Preliminary tests confirmed the absence of external mass transfer effects on the catalytic activity.
Before each test, the catalysts were reduced in situ at different temperatures according to their corresponding H,-TPR
profiles. The recovered liquid samples were analysed offline using a GC (Agilent 7890A GC) equipped with a 30 m x 0.32
mm x 0.25 um Zebron HP-5 column with 5 wt.% phenyl groups and a FID detector. The column was temperature-
programmed with a 3 K.min™ initial ramp from 353 K to 373 K followed by a 50 K.min™ ramp to 573 K and holding this

temperature for 3 min.

Data availability: The data that support the plots within this paper and other findings of this study are available from the

corresponding author upon reasonable request.
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