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NiPt catalysts for the synthesis of iso-butanol: the
influence of molar ratio and total metal loading
on activity and stability
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If methanol and ethanol are produced regeneratively from green H, and CO,, a mixture of these two can
further react to form longer-chain branched alcohols such as iso-butanol, which can serve as sustainable
feedstocks for the transportation and chemical sectors. NiPt catalysts have shown to be promising for this
process. This study investigates the influence of the total metal loading Ni + Pt and the molar ratio of Ni to
Pt on catalytic behavior. It was observed that the values for the total metal loading and the molar fraction
of Pt must be set correctly and precisely during synthesis, as most of all the space-time yield of the
catalyst, the conversion of ethanol, and the iso-butanol yield strongly depend on them. Differing
mechanisms for the decomposition of acetaldehyde on pure Pt/C and NiPt/C are comparatively discussed.
They explain the beneficial effect of Ni in avoiding the formation of carbonaceous deposits on the active
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Introduction

The catalytic valorization of blends of green ethanol and green
methanol can yield branched higher alcohols. Fig. 1 illustrates
how iso-butanol is formed in accordance with the Guerbet
reaction, for which acetaldehyde and formaldehyde are initially
generated by dehydrogenating the alcohols. The aldehydes then
react in the presence of a base and with the abstraction of an
H-atom in the o-position to the carbonyl group of the
acetaldehyde to form acrolein. Acrolein is then re-hydrogenated
on the catalyst, and 1-propanol is formed. This reaction
principle is repeated in a further methylation step and iso-
butanol is generated. Sustainably-produced iso-butanol can
serve as a component in gasoline, thus significantly reducing
CO, emissions in the transport sector." In this respect, Hiusler
et al.®® and Pasel et al.*® focused on monometallic and, most
of all, bimetallic catalysts supported on activated carbon, as the
combination of two metals presents the opportunity to optimize
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centers. In addition, Ni was found to prevent particle growth due to its strong metal-support interaction.

the geometric and electronic characteristics of the generated
alloy and to create a synergistic interplay between the metals,
thus increasing the catalytic activity and stability.” ™" The
synthesis of iso-butanol from mixtures of ethanol and methanol
has not yet been studied very intensively in the literature. There
are two patents based on basic supports, such as MgO, ZrO, or
Ce0,, which in turn are doped with various metals or alloys.'*"?
For example, its inventors describe a PtNi/MgO sample with
75% selectivity towards iso-butanol and 65% conversion of
ethanol. Other patents are based on large-pore mordenites that
have been exchanged with precious metals or alkali metals, or
on MnZrZn oxides loaded with Pt and Pd.'*'® Moreover,
hydrotalcites and hydroxyapatites are used for this reaction in
the patent literature.'®"” Carlini et al'®* investigated Cu-
chromite samples and hydrotalcites with differing MgAl
compositions and they are doped with Cu. They worked at
temperatures between 200 °C and 300 °C and reached 100%
selectivity towards iso-butanol. Siddiki et al** not only
investigated the methylation of alcohols but also expanded their
area of investigation to ketones and indoles using a Pt/C
catalyst. Gupta et al** used Ir complexes based on a
phosphaalkene ligand showing ethanol conversions higher than
60% and selectivities towards iso-butanol higher than 90%.
Wwingad et al* investigated different Ru diphosphine
complexes. 99.8% selectivity towards the desired Guerbet
product iso-butanol and values of more than 75% ethanol
conversion were achieved at a reaction temperature of 180 °C
and after approximately 20 hours of time on stream. Sama
et al.** also worked with Ru diphosphine complexes, which were

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Mechanistic course of the formation of iso-butanol via the Guerbet reaction.?®

functionalized by various amines. The most active catalyst with
diamine ethylene functionalities showed an iso-butanol yield of
74% at 78% ethanol conversion.

In this study, the influence of the molar ratio of Ni to Pt (xyi/
xpy) and the total metal loading of Ni + Pt of activated carbon
supported NiPt catalysts on their catalytic behavior during iso-
butanol synthesis from mixtures of ethanol and methanol was
investigated. For this purpose, fourteen precipitation catalysts
were synthesized and divided into four groups. The synthesis of
the catalysts in each of these aimed at setting the same molar
ratio xyi/xp. These amounted to 99, 19, 9, and 4, respectively, and
were defined by the mass fractions of the metals in the respective
precursor solutions. To investigate the influence of loading,
summary mass fractions for Ni + Pt of 5%, 10%, 20%, and 30%
were applied within each group (or only 10%, 20%, and 30% in
some cases). First, the catalysts were characterized using ICP-
OES, XRD, and H,-chemisorption. For the experimental
evaluation, the parameters iso-butanol
concentration, ethanol conversion, selectivity towards iso-butanol,
iso-butanol yield, and the space-time yield (STY) of the catalysts.

measured were

Experimental
Catalyst synthesis

The synthesis of the precipitation catalysts supported on

paper by Pasel et al,® using the example of the NigoPt;
catalyst with 5 wt% total metal loading. The main steps are
the precipitation of Ni(OH); on the activated carbon with
subsequent impregnation with [Pt(NH;),](NOs), and the
calcination of the catalyst precursors with a subsequent
reduction with H,.

The calculation of the molar quantities of Ni and Pt (ny; and
np, respectively) required for the catalysts from Table 1 was
determined using the following equations. According to eqn (1),
the total catalyst mass to be synthesized is defined as the sum
of the masses of Pt and Ni as active components and C as a
support. Eqn (2) and (3) establish a relationship between the
desired molar fractions for Ni and Pt (xy; and xp, respectively)
and the respective molar quantities of Ni and Pt required for
this in the precursor solutions. If eqn (1)-(3) are suitably
combined with each other, eqn (4) and (5) can be used to
calculate the required molar quantities of Ni and Pt for a
specific mass of the catalyst with the defined total metal
loadings and molar fractions of Ni and Pt, respectively. The
abbreviation ‘TML’ in these equations stands for the ‘total
metal loading’ percentage. Finally, it is necessary to relate these
calculated molar quantities to the two precursor solutions,
Ni(NO3),-6H,0 and [Pt(NH3),](NOj3),, in order to calculate the
required masses in these two solutions.

activated carbon from Table 1 is described in detail in the Meat total = Mm T Mc € Meat total = Mpe + Mpe + Mg (1)
Table 1 Results from ICP-OES analyses for the different precipitation catalysts
Group number desired ratio Catalyst nominal wt(Ni + Pt) [%] Xni [%] Xpe [%] XnilXpe [-] Catalyst actual

1 5 wt% NigoPt, 3.6
10 Wt% NigoPty 8.5
Xni/Xpe = 99 20 wt% NigoPt; 18.8
30 wt% NigoPt, 7.6
5 wt%% NigsPts 3.3
11 10 Wt% NigsPt5 6.0
Xni/Xpe = 19 20 wWt% NigsPts 12.7
30 Wt% NiosPts 24.3
10 wWt% NigoPty, 7.4
il 20 wt% NigoPtyo 14.5
Xni/Xpe = 9 30 wt% NigoPt;o 19.5
10 wWt% NigoPty, 6.2
v 20 wt% NigoPt,o 13.0
Xni/Xpe = 4 30 wt% NigoPt,, 21.9

This journal is © The Royal Society of Chemistry 2025

99.55 0.45 220 3.6 Wt% Niog 5Pto 5
99.43 0.57 176 8.5 Wt% Nigo 4Pty ¢
99.39 0.61 164 18.8 Wt% Nigo 4Pto.¢
98.48 1.52 65 7.6 Wt% Niog sPt; 5
97.75 2.25 43 3.3 wt% Nioy gPt »
96.13 3.87 25 6.0 Wt% Niog 1Pts o
94.85 5.15 18 12.7 wt% Nigy oPts 1
95.91 4.09 23 24.3 Wt% Nigs 0Pty 1
95.14 4.86 20 7.4 Wt% Nigs 1Pty o
94.46 5.54 17 14.5 Wt% Niga 5Pts 5
92.97 7.03 13 19.5 Wt% Nigs oPt; o
88.61 11.39 8 6.2 Wt% Nigg ¢Pti1.4
89.77 10.23 9 13.0 Wt% Nigo gPtyo.5
86.63 13.37 6 21.9 Wt% Nige 6Pty3.4
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Catalyst characterization

The catalyst characterization experiments were conducted as
described by Hiusler et al. and Pasel et al.>” These utilized
X-ray diffraction (XRD) analysis, inductively coupled plasma
combined with optical emission spectroscopy (ICP-OES), and
the temperature programmed desorption of H, (H,-TPD).

Carrying out the activity tests

The procedure for carrying out the catalytic experiments is
described in detail by Pasel et al.®

Ethanol conversion was calculated using eqn (6). In this
equation, cx represents the concentrations of the different
products of the Guerbet reaction, while Z stands for their
stoichiometric coefficients. Specifically, the stoichiometric
coefficient for the formation of iso-butanol was one, whereas
those for the generation of 1-butanol and 1-hexanol were two
and three, respectively.

n
ch xXZ

k=i
- - O 6
¢ (ethanol), t =0 (6)

X(ethanol) =1-
For the yield Y; and the selectivity S; of a specific component
as well as the space-time yield STY of the respective catalysts,
the following equations were formulated:

Y, = CixZ 7)
" ¢ (ethanol), t =0
cixZ
Si= (8)
Z Cx XZ
=i
n (iso-ButOH
sty — "Liso-ButOH) ©)

m (cat) X tr

Results and discussion
Catalyst characterization

Table 1 shows the results of the ICP-OES analyses of the various
precipitation catalysts from the four groups mentioned. In the
“Catalyst nominal” column, for example, the abbreviation “10%
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NigsPts@C” means that the synthesis of this catalyst aimed at a
total metal loading of 10 wt% Ni + Pt, with a molar ratio of Ni:
Pt of 95:5, whilst the “Catalyst actual” column summarizes the
respective experimentally measured values. It is noticeable in
this table that, for each individual catalyst, the total metal
loading Ni + Pt measured by ICP-OES was lower than the
nominal value targeted during the synthesis. The discrepancies
in the metal loadings were further investigated by determining
the metal losses for Ni in the individual synthesis steps of the
catalyst. For this purpose, aliquots of the precipitation
solutions, filtrates, and wash solutions were analyzed using ICP-
OES and the Ni losses in the individual test steps were
quantified. These analyses showed that a maximum of 7% of
the Ni mass was lost in filtration and washing steps. As some of
the Ni remained dissolved during precipitation and some of the
Ni(OH); returned to the solution when the filter cake was
washed, a slightly lower loading can be expected. The larger
observed discrepancies, however, cannot be explained in this
way. It is also apparent that in almost any case, the molar ratios
Xni/Xpr, Wwhich were measured by means of ICP-OES, were higher
than the desired values targeted during the synthesis. This
means that the Pt particles were deposited on the activated
carbon support to a lesser degree than was the case with the Ni
particles. It can be concluded that the impregnation step with
an aqueous solution of [Pt(NH3),](NOs),, followed by calcination
and reduction as described in the Experimental section, is
highly critical. Nevertheless, the desired trends regarding the
total metal loading Ni + Pt and the molar ratio xy;/xp. aimed for
in the synthesis of the catalysts from this table could be
retrieved in the ICP-OES results, so that the basic approach of
this study was confirmed.

Fig. 2 shows the diffractograms of the calcined and
reduced catalysts with differing total metal loadings Ni + Pt
and various molar ratios xy;/xp,. To simplify and standardize
the descriptions and discussions in this section, the nominal
catalyst designations are used. Thereby, Fig. 2a displays the
diffractograms for the catalysts of group I with a molar ratio
of xni/xpe 99: 1. For the catalysts with 5 wt%, 10 wt%, and 20
wt%, reflections for NiPt occurred at 44°, 51°, and 76°,
whereas at 43° a weak reflection for a cubic NiO phase can
be seen. For the 30 wt% NigPt;@C catalyst, a strongly
deviating diffractogram was obtained. The broad reflexes can
be assigned to the theophrastite phase and thus be identified
as Ni(OH),. The Rietveld analysis resulted in a pure phase for
Ni(OH), with isotropic crystalline domains. They are platelet-
shaped crystals with dimensions of 60.6 nm X 60.6 nm X
3.425 nm in the directions (100), (010), and (001). It can be
assumed that for the 30 wt% NigPt;@C catalyst, the
calcination process was defective. For the other catalyst
materials in this group, the intensities for the reflexes
increased with increasing total metal loading. This increase
was valid for the signal intensity but not for the half-width or
position of the reflexes, which remained constant within
group L. This qualitative observation is in good agreement
with the quantitative measurement of the crystallite sizes
obtained from the phase analysis being displayed in Table 2.

This journal is © The Royal Society of Chemistry 2025
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Table 2 Results of the Rietveld analysis of the differing precipitation catalysts, phase fractions with less than half a percent were not listed. w(phase)
refers to the mass fraction of the crystalline material

Catalyst nominal wt(NiPt) [%] d(NiPt) [nm] w(Pt) [%] d(Pt) [nm] w(NiO) [%] d(NiO) [nm]
5% NigoPty 95.0 £3.3 33.88 £0.13 — — — —

10% NiooPt, 100.0 = 7.1 30.53 + 0.10 — — — —

20% NigoPt; 99.23 + 0.13 21.35 + 0.07 — — — —

30% NigoPt; — — — — — —

5% NigsPts 99.0 £ 2.5 26.7 £1.0 — — 1.0 £2.5 26.25 + 0.48
10% NigsPts 98.5+6.4 23.88 £ 0.42 — — 1.5+£6.4 29.42 + 0.61
20% NigsPt5 98.2 £1.1 26.93 + 0.07 1.3 3.98 05+1.1 16.64 + 0.42
30% NigsPts 98.96 + 0.03 25.48 + 0.05 1.04 £ 0.03 3.97 — —

10% NigoPt;q 98.78 23.78 + 0.07 — — 1.21 £ 0.01 39.7 £ 5.7
20% NigoPtso 99.30 = 0.40 25.90 = 0.09 — — — —

30% NiooPtyo — — — — — —

10% NigoPtsg 98.06 + 0.87 19.32 — — 10.17 £ 0.87 134 + 10
20% NigyPt,q 92.6 £ 0.4 30.79 1.96 + 0.06 31.83 54+04 125 £ 10

30% NigoPtso

This journal is © The Royal Society of Chemistry 2025
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For the catalysts of group I, only the NiPt and NiO phases
were fitted. Due to the small signal intensity, however, the
phase fraction of the NiO phase can only be specified with
great uncertainty and is, therefore, not listed in Table 2 as it
represented less than one weight percent of the crystalline
portion. The crystallite sizes for the NiPt phase were in the
range from 34 nm to 21 nm, whereby the largest crystalline
domains were found for the 5 wt% NigoPt;@C catalyst. The
sizes of these domains decreased with increasing total metal
loading. As the NiO phase only had very low signal
intensities, the resulting crystallite size could not be reliably
determined. The possible reflections for a Pt phase at
positions 39.79°, 46.28°, 67.53°, 81.34°, and 85.80° did not
occur.

Fig. 2b shows the diffractograms for the catalysts of group
II with a molar ratio xyi/xp, of 95:5. They differed from the
group I diffractograms already described in such a way that
now the reflections of the NiO phase were clearly visible at
37° and 43° for the catalysts with total metal loadings of 5
wt%, 10 wt%, and 20 wt%, respectively. The Rietveld analyses
showed that the corresponding phase fractions amounted to
approximately one percent by weight. The crystallite sizes for
the NiO phase were in the range from 17 nm to 26 nm. NiO
was not found for the catalyst with the highest metal loading
of 30 wt%. The fraction for the NiPt phase was almost 100%
for all four catalysts, and their crystallite sizes were closely
distributed around 26 nm. Reflections for the Pt phase could
not be found. Rietveld refinement, however, resulted in a Pt
phase with a mass fraction of approximately one percent of
the crystalline material in the case of the catalysts with 20
wt% and 30 wt% total metal loading. Due to the low
proportion and the amorphous activated carbon background,
the latter results are uncertain. In group II, the catalyst with
the targeted 30 wt% total metal loading also revealed the
NiPt reflexes. The theophrasite phase was fully converted into
NiO, which in turn was changed to Ni in the subsequent
reduction with H,.

Fig. 2c depicts the diffractograms for the catalysts of
group III. Just as in the cases of groups I and II, the NiPt
phases again occurred at 44°, 51°, and 76° for the samples
with 10 wt% and 20 wt% total metal loading. For the latter
catalyst, the reflections for the NiO phase were stronger than
before. In the case of the catalyst with 30 wt% metal loading,
the theophrastite phase was again the main phase. At 37°,
44° 64°, and 77°, the reflections of an undetermined NiO
phase were observed. The reflections are atypical because
they are of low intensity and yet are sharp and symmetrical.
It cannot be ruled out that they are caused by the
measurement itself due to false scattering. As before, no pure
Pt phase was recognizable in these catalysts either. The
crystallite sizes for the NiPt phase were in the range between
23.78 nm and 25.90 nm with a phase fraction close to 100%.

Finally, Fig. 2d presents the diffractograms for the
catalysts of group IV. Again, reflections for the NiPt and NiO
phases, and, in the case of the catalyst with a 30 wt% total
metal loading (the theophrastite phase) were observed. For

2252 | Catal. Sci. Technol, 2025, 15, 2248-2260
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the 20 wt% NigyPt,,@C catalyst, a Pt phase could be detected
in the diffractogram for the first time. The Pt reflections
occurred at the positions 40°, 46°, 68°, and 81°. The Pt mass
proportion of 1.96% calculated via the Rietveld analysis was
made up of the amount of Pt in the NiPt phase and the Pt
phase itself. In the literature, segregation into the disordered
Ni,_,Pt, phase and the NizPt phase is only described for
alloys of Ni and Pt with a Pt mass fraction of 23% or more.>°
The reason for the detected Pt phase in Fig. 2d may lie in an
additional segregating effect of the activated carbon support.
In addition, if the homogenization during the synthesis
procedure is insufficient, locally high concentrations of the
Pt precursor might occur, which in turn form the Pt phase.

In summary, it can be stated that the crystallite sizes of
the Ni particles for all catalysts, irrespective of their total
metal loading or molar ratio xyi/xp, lay in the range from 19
nm to 34 nm. The smallest crystallite size was found for the
10 wt% NigoPt,0@C catalyst with 19.32 nm. In the group of
NigsPts@C catalysts, the crystallite sizes were around 26 nm,
regardless of the loading. It was assumed that the loading of
the catalysts might influence the crystallite size in such a way
that increasing metal loading might lead to larger metal
particles and thereby also to larger crystal domains. This
influence cannot be proven based on the measured data. The
catalysts in group I even show the opposite trend. Here, as
the loading increased, the crystal sizes decreased. Regardless
of the metal loading and molar ratio, the preparation method
led to almost quantitatively reduced catalysts with a low
proportion of NiO. None of the catalyst materials exhibited
considerable proportions of Pt as a differentiated Pt phase,
which indicates that in all cases, a NiPt alloy was produced
that did not segregate under the conditions used.

To investigate the catalytically active surface, chemisorption
experiments were carried out with all catalysts. For this purpose,
the catalyst precursors were first calcined and reduced in the
chemisorption apparatus under the conditions outlined in the
Experimental section. By means of a rinsing phase with Ar at 35
°C, physisorbed H, from the reduction process was removed to
clean the surface. Subsequently, at 35 °C 20 pulses of pure H,
were pulsed onto the catalyst surfaces and the adsorbed
quantities of H, were calculated. Immediately afterwards,
temperature-programmed desorption was carried out to
determine the quantities of desorbed H,. The results of these
experiments are listed in Table 3 and illustrated in Fig. 3. As
this figure illustrates the trends for adsorption and desorption
based on the actual metal loadings Ni + Pt and the actual molar
fractions of Pt, the actual catalyst designations will be used in
the following discussion. It is noticeable that in most cases, the
quantities of desorbed H, were higher than those of H, that
had previously been adsorbed on the respective catalysts. This
can be explained by the fact that chemically bound H, was
released from the carbon support during the temperature-
programmed desorption at high temperatures (up to 800 °C). It
is also clear that the adsorbed quantities of H, increased almost
continuously when the total metal loading and the molar
fraction of Pt increased. Exceptions were the catalysts 24.3 wt%

This journal is © The Royal Society of Chemistry 2025
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Table 3 Results of the H, adsorption and desorption experiments for the various precipitation catalysts with differing total metal loadings and molar

ratios xni/Xpt

Catalyst nominal Catalyst actual

nadsorption (HZ) [pmol g_l] ndcsorption (HZ) []J.mOl g_l]

5 wt% NiooPt, 3.6 Wt% Nigo 5Pty 5 3 37
10 wt% NigoPt, 8.5 Wt% Nigg 4Pt 6 0 84
20 Wt% NigoPt, 18.8 Wt% Nigo 4Pto 6 52
30 wt% NigoPt; 7.6 Wt% Niog 5Pt; 5 9 3
5 Wt% NigsPts 3.3 Wt% Nig; 4Pty » 2 71
10 wt% NigsPts 6.0 Wt% Niog 1Pty o 17 53
20 Wt% NigsPts 12.7 Wt% Nigy oPts 1 65 103
30 wt% NigsPts 24.3 Wt% Nigs oPty 1 24 50
10 wt% NigPt;o 7.4 Wt% Nigs 1Ptyo 39 64
20 Wt% NigoPt, o 14.5 Wt% Nig, 5Pts 5 42 40
30 wt% NigoPtyo 19.5 Wt% Nios oPts.o 163 0
10 Wt% NigPtyg 6.2 Wt% Nigg 6Pty1.4 49 44
20 Wt% NigoPtyo 13.0 wt% Nigo gPtyo. 308 300
30 Wt% NigPtyg 21.9 Wt% Nigg ¢Pt13.4 5 4

n(H,) / umol g™

n(H,) / umol g™

14 309
&) 14 309
12+ 2
258 12+
° 258
= ot R
B 206 = or
. o 206
o | Y
8 8 g 8l
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=
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2t Al 51
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Fig. 3 Representation of the determined quantities of H, as a function of the total metal loadings and the molar fraction of Pt from two differing
measurement methods and for Ni,Pt;_,@C catalysts. The measuring points are marked with black crosses. The data points in between were
linearly interpolated. The values for the total metal loadings and the molar fraction of Pt were taken from the ICP-OES measurements. a) Molar
quantity of adsorbed H, on the precipitation catalysts, which was measured by means of pulse-chemisorption, Va, = 30 ml min™, T = 35 °C, At =
20 min, 20 pulses of Hy, Vpuse = 0.2056 ml, C; = (1.67 + 0.02) x 108 mmol mV™* s™. b) Molar quantity of desorbed H, from the precipitation
catalysts, which was measured by means of temperature-programmed desorption following prior pulse-chemisorption, AT from 35 °C to 800 °C,
£ =10 k min'%, Va = 30 mlmin%, C; = (1.67 + 0.02) x 108 mmol mV*s™%,

Nigs.oPt,; and 21.9 wt% Nigg ¢Pty3.4, Which showed low values
for the molar quantities of adsorbed H,. The maximum molar
quantity of 308 um g was found in the case of the 13 wt%
Nigg gPt19, sample. This can be explained by the fact that H,
was preferentially adsorbed on Pt active sites, as the adsorption
energies for H, are higher on Pt than on Ni. Chemisorption with
H, can therefore be used to determine the number of Pt active
sites directly. As a result, the 13 wt% Nigg gPt;¢ 5, catalyst revealed
the highest number of Pt centers on its surface, whereas the
NigoPt; catalysts from group 1 only had a comparably small
number of Pt active sites. The NigsPts particles synthesized by
Taniguchi et al?’ show that, depending on the synthesis

This journal is © The Royal Society of Chemistry 2025

method, Pt and Ni can form either a Pt core with an Ni shell or
an Ni cube with Pt enrichment along the cube corners and
edges. These results show that Ni and Pt are already subject to
segregation and local enrichment, even at low mass fractions.
These effects are mass fraction- and size-dependent.>*>° The
described trends for the adsorbed and desorbed quantities of
H, are also observed in Fig. 3a and b. The figure once more
illustrates the 13 wt% Nigg gPt;o, catalyst as the sample that
exhibited the largest quantities of H, during pulse
chemisorption and temperature-programmed desorption,
respectively. All experimental data for these figures are
summarized in Tables S1 and S2.}
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Catalytic experiments

Fig. 4 depicts the concentration profiles of iso-butanol as a
function of time on stream and the total metal loading Ni +
Pt for the catalysts from the different groups I to IV. For the
representation of this figure, the actual values for the catalyst
composition were chosen. The reactions were carried out at
165 °C and an initial ethanol concentration of 600 mmol 17
Fig. 4a depicts the concentration trends of iso-butanol for
the catalysts from group I. The sample with an actual metal
loading of 3.6 wt% reached a maximum final iso-butanol
concentration of 31.01 mmol I"". The iso-butanol concentration
increased with a constant formation rate of (7.16 + 0.41) mmol
h 1™, which can be described very well linearly (R* = 97.47%). In
the case of the catalyst with an actual metal loading of 8.5 wt%,
a final iso-butanol concentration after four hours of time on
stream of 50.23 mmol I with a constant formation rate of
(11.93 + 0.26) mmol h 1™ was observed, which represents the
local maximum for this catalyst group. With further increases of
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the total metal loading (catalyst with 18.8 wt%), the formation
rate decreased to (5.95 + 0.41) mmol h ™%, It thus fell below the
value of the catalyst, with 3.6 wt% total metal loading. The final
iso-butanol concentration in this case was only 22.29 mmol 1™
and the concentration trend of iso-butanol can be mapped very
well with a straight line with R* = 96.72%. The catalyst with the
actual composition 7.6 wt% Nigg sPt; s@C revealed the lowest
final iso-butanol concentration of 7.40 mmol 1. Here, the
formation rate for iso-butanol was also the lowest at (1.92 +
0.11) mmol h 1!, although the increase in concentration was
also linear (R* = 96.72%). This low activity can be attributed to
two points: firstly, the actual total metal loading was only 7.6
wt% and thus deviated strongly from the nominal 30 wt%. The
second factor is the finding from the previous chapters that this
catalyst was not sufficiently calcined and reduced. This means
that less elemental active surface centers were available for the
synthesis of iso-butanol.

For the catalysts from group II shown in Fig. 4b, the picture
is like that of the catalysts from group I. The maximum iso-

b) c(iso-ButOH) / mmol I
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d) c(iso-ButOH) / mmol I

Total metal loading / %
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Fig. 4 Concentrations of iso-butanol as a function of time on stream and total metal loading Ni + Pt for the catalysts from the different groups: a)
group I; b) group II; c) group III; d) group IV; T = 165 °C, m(catalyst) = 250 mg, d(powder) < 75 um, V(reactor) = 70 ml, co(EtOH) = 600 mmol (%,

c(NaOH) = 450 mmol I'%, c(n-decane) = 15 mmol "%, methanolic solution.
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butanol concentration in this case was 74.44 mmol 1™ and was
reached with the 6.0 wt% Nige 1Pt; o catalyst. The formation rate
amounted to (16.90 + 0.21) mmol h 1™ with another linear
increase (R = 99.89%). Even with the 3.3 wt% loaded catalyst,
the formation rate at the end of the reaction after four hours on
stream was (12.40 + 0.26) mmol h 17"] yielding an iso-butanol
concentration of 50.26 mmol 1™ (R*> = 99.70%). The final
concentrations for the catalysts with the highest actual total
metal loadings in this group of 12.7 wt% and 24.3 wt%,
respectively, were lowest amongst the samples from group IL
However, with both catalysts the formation of iso-butanol was
also linear without deactivation phenomena.

The catalysts from groups III and IV in Fig. 4c and d showed
significantly differing trends if compared with those of the
samples from groups I and II. The iso-butanol concentrations
achieved were not that strongly influenced by the total metal
loading. For example, in group III, the 7.4 wt% Nigs Ptso
catalyst achieved a final concentration of 17.26 mmol 17,
whereas the 14.5 wt% Nig, sPt5 5 catalyst revealed an even lower
final iso-butanol concentration of 14.00 mmol 17'. A similar
behavior was found for the 6.2 wt% Nigg ¢Pt;;.4 and 13.0 wt%
Nigg gPtyo, catalysts from group IV. Although the final iso-
butanol concentration increased significantly from 13.83 mmol
1" to 23.99 mmol 1™ for these two samples, the concentrations
achieved were significantly lower than those detected with the
catalysts from groups I and II with comparable total metal
loadings. The reason for the deviating catalytic behavior of the
samples from groups III and IV lies in their rapid deactivation
with increasing time on stream. In this respect, Fig. 5 shows
exemplarily the time-dependent concentrations of the iso-
butanol concentration for the 7.4 wt% Nigs 1 Pt, 9, 6.2 Wt% Nigg ¢-
Pty4.4, and 13.0 wt% Nigg gPt;, catalysts from groups III and IV.

30
B 7.4 wt% Nigs ,Pt, (@C
A 6.2 Wt% Nigg 6Pt ,@C o ©
- 25 @ 13.0 W% Nigy gPt,0,@C O A
€ 204
S
~
T 154
o
—-—
S
% 104
2
T
54
0 . T T T T T
0 1 2 3 4
treaction I'h
Fig. 5 Iso-butanol concentrations as a function of time on stream for

the 7.4 wt% Ni95_1Pt4_9, 6.2 wt% Nigs_spt11_4, and 13.0 wt% Nigg_sptlo_z
samples, m(catalyst) = 250 mg, T = 165 °C, d(powder) < 75 um,
V(reactor) = 70 ml, co(EtOH) = 600 mmol I}, c(NaOH) = 450 mmol %,
c(n-decane) = 15 mmol I'%; methanolic solution.
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It becomes obvious that for each catalyst, the values for the
concentration of iso-butanol were almost constant after
approximately two hours on stream, indicating a strong
deactivation of the catalytically active centers. From the findings
shown in Fig. 4, it can be concluded that an increasing molar
fraction of Pt in the active NiPt phase favors deactivation.
Hiusler et al.® reported a comparable deactivation of their pure
Pt/C catalyst for the synthesis of iso-butanol from ethanol/
methanol blends. All experimental data for these figures are
summarized in Tables S3-S6.f

Several reasons for this Pt molar fraction-driven deactivation
phenomenon are discussed in the literature. One explanation
can be found in the formation of carbonaceous deposits on the
Pt/C surface, which were observed by Pasel et al.,”> when for this
work ethanol molecules were pulsed on the surface of a Pt/C
catalyst under ultra-high vacuum conditions. It was concluded
from the pulse response experiments that ethanol rapidly
reacted to from acetaldehyde and H,, and that the detected
carbonaceous deposits originated from the decomposition of
intermediate acetaldehyde into H,, CH,4, CO, and C. In this case,
it was possible to remove the deposits by simply pulsing O,
molecules onto the active centers, yielding CO and CO,. It
stands to reason that this aspect of carbonaceous deposits also
applies to the deactivations found in Fig. 5. Panchenko et al.*!
and Ezzhelenko et al.** concluded from their experiments with
Pt, Pd, Ir, Ru, and Rh on various supports (C, Al,O3, TiO,, CeO,,
ZrO,) that strong metal-CO complexes were formed, which
blocked the catalytically active sites and thus deactivated them.
Theoretical DFT calculations support the results of the pulse
response experiments®> and are consistent with the
observations of Ezzhelenko et al.** All experimental data for this
figure are summarized in Table S7.f The top part of Fig. 6
summarizes these findings and explanations with a scheme,
showing a possible reaction mechanism for the decomposition
of acetaldehyde on a pure Pt/C catalyst. An additional
explanation for the observed deactivation phenomenon lies in
the agglomeration of the Pt particles on the activated carbon
support, for which Fig. 7 gives evidence. It shows high-angle
annular dark-field (HAADF)-TEM images of a fresh Pt/C catalyst
(Fig. 7a) and of a used Pt/C sample after iso-butanol synthesis
under standard reaction conditions for four hours at 180 °C
(Fig. 7b). It becomes clear from these figures that considerable
particle growth took place during the reaction.

As described above, NiPt/C catalysts with low actual molar
fractions of Pt in the range between 0.5% and 5.1% from
groups I and II did not show signs of deactivation after four
hours on stream. In this respect, a higher molar fraction of
Ni turned out to be favorable, as Ni is known as an active
component in methanation catalysts.***® This activity results
in precursors for CH,, such as methyl groups, on the Ni
surface being hydrogenated to methane rather than
decomposing into H, and carbonaceous deposits. In
addition, it is conceivable that carbonaceous deposits that
have already formed on the Ni active centers are converted
into CO and CO, through oxidation by means of the
adsorbed OH-groups. It is further assumed that the increase

Catal. Sci. Technol.,, 2025, 15, 2248-2260 | 2255
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Fig. 6 Schemes for a possible reaction mechanism for the decomposition of acetaldehyde on a pure Pt/C catalyst (top) and on an NiPt/C sample

(bottom).

used 180 °C / 4h

\/

Particle growth

fresh used 180 °C / 4h

Stable particle size

Fig. 7 High-angle annular dark-field (HAADF)-TEM images of a fresh Pt/C catalyst (a), a used Pt/C sample after iso-butanol synthesis under
standard reaction conditions for four hours at 180 °C (b), a fresh NiggPt;/C catalyst (c), and a used NiggPt;/C sample after iso-butanol synthesis

under standard reaction conditions for four hours at 180 °C (d).

in the Pt molar fraction leads to the formation of localized Pt
islands that are too large to allow the migration of adsorbed
carbon precursors, so that they cannot be methanized or
oxidized quickly enough on the Ni particles. The bottom
portion of Fig. 6 illustrates these conclusions with respect to
the special role of Ni in the reaction mechanism of
acetaldehyde decomposition. In addition, Fig. 7c and d show
that the NiPt particles were not subject to any significant
sintering process. The HAADF image for the fresh NigoPt;/C

2256 | Catal. Sci. Technol., 2025, 15, 2248-2260

catalyst indicates that the particles are statistically
distributed and exhibit only slight signs of agglomeration.
The particle size was approximately six nanometers, and the
particles were separated from each other.® The corresponding
image for the catalyst being used in iso-butanol synthesis for
four hours at 180 °C displays a very similar appearance of the
nanoparticles. There were no signs of particle growth. Ni
prevented the particles from sintering due to stronger metal-
support interactions compared to those of pure Pt.>” ™’

This journal is © The Royal Society of Chemistry 2025
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As a complement to the previous figures, Fig. 8 depicts the
space-time yield STY of the catalyst (Fig. 8a), the conversion of
ethanol (Fig. 8b), the iso-butanol yield (Fig. 8c), and the
selectivity towards iso-butanol (Fig. 8d) as a function of the total
metal loading Ni + Pt and the molar fraction of Pt. Thereby, the
partial images show very similar trends for STY, ethanol
conversion, and iso-butanol yield. The 6.0 wt% Nig Ptso
catalyst achieved the highest value for each of these calculated
variables. The space-time yield amounted to 4.72 mmol h™" g™,
the ethanol conversion was 12.7%, and the iso-butanol yield
reached a total of 12.4%. Higher or lower values for the actual
total metal loading and the actual molar fraction of Pt turned
out to be detrimental. In the case of the selectivities towards
iso-butanol, no clear trend emerged. They were the highest and
very close to 100% in two separate areas. The first was spanned
at low total metal loadings between 3.6 wt% and 8.5 wt% and
low molar fractions of Pt between 0.3% and 3.9%, respectively.
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The second area was characterized by total metal loadings close
to 20 wt% and was almost independent of the molar fraction of
Pt. The results in the partial images of Fig. 8 show that the
values for the total metal loading and the molar fraction of Pt
must be set correctly and precisely during synthesis, as most of
all the STY, the conversion of ethanol, and the iso-butanol yield
strongly depend on them. All experimental data for this figure
are summarized in Table S8.f

Conclusions

The scientific approach of this study was to investigate the effect
of the molar ratio of Ni to Pt and the total metal loading Ni + Pt
of activated carbon-supported NiPt catalysts on their catalytic
behavior during iso-butanol synthesis from green mixtures of
ethanol and methanol. It was found using ICP-OES that the
actual values for these two parameters differed significantly
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Fig. 8 STY of the catalyst (a), conversion of ethanol (b), iso-butanol yield (c), and the selectivity towards iso-butanol (d) as a function of the total
metal loading Ni + Pt and the molar fraction of Pt; m(cat.) = 250 mg, d(powder) < 75 um, V(reactor) = 70 ml, co(EtOH) = 600 mmol I'%, c(NaOH) =
450 mmol [}, c(n-decane) = 15 mmol I'%; time on stream: 4 h, methanolic solution; the measuring points are shown as crosses.
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from the theoretical values based on the synthesis. The
discrepancies observed can be partially explained by the loss of
Ni ions because of synthesis-related washing and filtration
steps. Nevertheless, the desired trends regarding the total metal
loading Ni + Pt and the molar ratio of Ni to Pt aimed for in the
synthesis could be retrieved in the ICP-OES results, and so the
basic approach of this study was confirmed. XRD
measurements showed that catalysts with 30 wt% total metal
loading contained Ni(OH), phases (theophrastite), indicating an
inadequate calcination procedure. For all other catalysts, the
typical reflections of Ni and, in some cases, also of NiO, were
present. The XRD measurements additionally showed average
crystallite sizes in the range of 34 nm to 19 nm. Contrary to the
assumption that crystallite sizes increase with increasing total
metal loading of the catalyst, there was a slight decrease in
crystallite sizes with increasing metal loading. For the nominal
20 wt% NigoPt,, (actual 13.0 wt% Nigg gPt; ) catalyst, a Pt phase
was formed in addition to the Ni one. H, adsorption
measurements show that the quantity of adsorbed H, reached a
maximum for the nominal 20 wt% NigoPt,, (actual 13.0 wt%
Nigo gPt10,) catalyst, which also revealed the Pt phase in the
XRD spectrum. In particular, the mass fraction of Pt had a
strong influence on the quantity of adsorbed H,. The total metal
loading correlated positively with the adsorbed quantity of H,,
with some exceptions at high total metal loadings. Against this
background, it can be concluded that the synthesized catalysts
also reveal an increasing number of Pt atoms on the surface
with increasing molar fractions of Pt. Considering the different
adsorption energies for H, on Ni (-0.166 eV to 0.464 eV) and Pt
(-0.841 eV to -0.126 eV), the observed adsorption behavior of
H, on the catalysts can be rationalized. The catalytic
experiments showed that the highest concentrations of iso-
butanol could be achieved with low molar fractions of Pt
between 0.5% and 5.1% and correspondingly high molar
fractions of Ni. In contrast, higher molar fractions of Pt led to
deactivation phenomena, which were caused by carbonaceous
deposits or strong metal-CO complexes on the Pt particles,
which were no longer accessible for iso-butanol synthesis. It can
be concluded from the experiments and data from the literature
that high molar fractions of Ni promoted the hydrogenation of
surface adsorbates, such as methyl groups, which would
otherwise have decomposed into H, and carbonaceous deposits.
Furthermore, it is conceivable that carbonaceous deposits that
had already formed on the Ni active centers were oxidized into
CO and CO, by means of adsorbed OH-groups. Accordingly, the
6.0 wWt% Nigg Pt;o catalyst with a comparatively low molar
fraction of Pt showed the highest values for the space-time yield
STY, the conversion of ethanol, and the iso-butanol yield.

Data availability

The data supporting this article have been included as part
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