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ABSTRACT: The active site of the industrially used Cu/ZnO
catalyst for the formation of methanol is controversially debated to
date. Ammonia has been used as a probe molecule as it was found
to inhibit methanol synthesis in CO,-containing synthesis gas.
Herein, we investigate the poisoning effect using an industrial-type
Cu/ZnO/ALO; catalyst synthesized by co-precipitation. During
steady-state methanol synthesis in a CO,/CO/H, synthesis gas,
isobaric trimethylamine (TMA) and ammonia injections poisoned
methanol formation reversibly, with the poisoning of ammonia
being significantly s tronger t han t hat o f T MA. B ased o n DFT
calculations, a mechanism of ammonia poisoning was derived:
ammonia activation takes place on adsorbed oxygen or hydroxyl
groups, followed by the reaction with CO, forming a stable
carbamate on the active site. Further hydrogenation of the
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carbamate to methylamine was calculated to exhibit high barriers, thus being rather slow, explaining why ammonia poisoning has
a long-term effect, as TMA cannot form a strongly bound carbamate species exclusively acting as weakly bound site-blocking species.

INTRODUCTION

The industrial methanol synthesis process currently received
great attention again because of the promising potential in the
power-to-liquid concepts for the mitigation of greenhouse gas
emissions and as an alternative to fossil energy carriers.
Methanol is in particular interesting because it can be used
both in the fuel and the chemistry sectors.' ™

Industrially, methanol is synthesized from syngas mixture
containing CO, CO,, and H, at pressures of 50—100 bar and
temperatures of 200—300 °C over Cu-/ZnO-based catalysts.®
As in many industrial catalytic processes, the technological
application of methanol synthesis has preceded the full
understanding of the underlying chemistry, which has led to
a vast amount of empirical knowledge that has been
complemented by the growing fundamental and mechanistic
insights in the last decades.”” However, the exact detailed
reaction mechanism, the nature of the active sites of high-
performance catalysts, and the interplay of the catalyst’s surface
with the feed gas components are debated to this day.®"
Among the most important open question is the dynamic
effect of the so-called “Cu—Zn synergy” on the nature of the
active site responsible for methanol formation."' New
experiments and calculations allow a more detailed under-
standing, which could be key to a knowledge-based adaptation
of the current industrial process for future power-to-methanol
applications.

For example, the zinc coverage on the copper nanoparticle
was interpreted as a surface alloy, which strongly affects the
methanol synthesis activity of the catalyst and can be
determined by chemisorption methods.'>'® This behavior
may be due to an enhanced methanol formation route via zinc
formate determined by spectroscopy with isotopic labeled
carbon dioxide sources."* Nevertheless, the change of the
catalyst surface, and in particular the oxidation state of Zn,
depends strongly on the redox potential of the gas phase. At
rather oxidizing conditions (CO,-rich), oxidized Zn** in Cu/
ZnO can be assumed, which changes at reducing conditions
(CO-rich) via Cu—Zn®" to a Cu—Zn surface alloy, for which
ZnO acts as a Zn reservoir." »"> Hence, the catalyst is typically
activated under strongly reducing conditions (H, in inert gas
and 250 °C), and the Cu—Zn surface alloy and the activated
Cu—2Zn®" interface site are likely candidates for the active site
in methanol formation from carbon dioxide."” This surface
alloy is found to coexist with ZnO,, islands, and thus with the
Cu—Zn’" interface sites, after the catalyst activation at
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temperatures in the range of 200—340 °C. At temperatures
above 340 °C, a bulk brass alloy is formed by the continuous
consumption of the zinc oxide sgecies, which are in close
contact with the copper particles."

Recently, a new experimental approach for the surface
characterization of the working Cu/ZnO/Al,O; catalysts has
been presented. Laudenschleger et al.'” introduced high-
pressure pulses of ammonia (NHj;) as a new tool to probe the
active site of an industrial Cu/ZnO/ALO; catalyst during
methanol synthesis. This method complements the traditional
ex situ chemisorption methods based on N,O decomposition
and hydrogen temperature-programmed desorption (H,-
TPD). These have already shown that depending on the
catalyst composition and the used feed gas, a linear
relationship between the copper surface area and the activity
in methanol synthesis is observed. The contribution of partially
reduced zinc oxide to the N,O decomposition capacity,
however, increases the complexity to accurately characterize
the catalyst surface,"”'®"” as the amount of reduced zinc oxide
will depend on the pretreatment conditions'”'® at low
temperature and might not represent the working state of
the catalyst.*

Contrary to these chemisorption methods, the new operando
ammonia pulse experiments are conducted on the working
catalyst, and the first results confirmed the important role of
Cu—Zn’* interface sites.'” The upstream isobaric injection of
ammonia leads to a sudden temporary poisoning of methanol
formation. The linear increase of poisoning strength as a
function of CO, content in the synthesis gas and the absence
of poisoning of the parallel ethylene hydrogenation probe
reaction as well as that of pure CO hydrogenation, both of
which are considered to take place on the unpromoted Cu’
sites, make this method sensitive to the Zn’*-promoted CO,
conversion sites on the Cu/ZnO catalyst."”

Ammonia introduced as pulses was observed to be
converted to trimethylamine (TMA). Here, we report
experiments using a well-characterized highly active Cu/
ZnO/AlL,O; methanol synthesis catalyst of academic origin.
This is a reproduction of a benchmark catalyst whose synthesis
history and structural properties are fully disclosed and thus
allow for the establishment of structure—activity correlations.
Furthermore, we combine the experimental data with density
functional theory (DFT) to identify the reaction mechanism of
TMA formation, especially to uncover its active site, which
leads to poisoning of methanol formation, thus being identical
to the active site for CO, hydrogenation to methanol.

METHODS

Catalyst Synthesis and Characterization. The inves-

tigated catalyst is an alumina-promoted copper/zinc oxide
catalyst that was self-prepared from a co-precipitated precursor
using a preparation recipe that was inspired by the established
industrial synthesis. It is composed of precursor co-
precipitation, aging in the mother liquor, recovery, calcination
in air, and finally reduction in a diluted hydrogen stream
directly prior to the catalytic experiments. Its synthesis was a
reproduction of the catalyst described earlier as Cu/Zn0O:Al,
which itself has been the subject of several studies or has been
used as a benchmark catalyst for activity comparisons, and is
here abbreviated CZA. In more details, the precursor of the
investigated catalyst was synthesized via co-precipitation
according to Schumann et al.”' The precipitation was carried
out in an automated stirred tank reactor (OptiMax, Mettler

Toledo) from 1 M metal salt nitrate solution at a temperature
of 65 °C. During the precipitation with 1.6 M sodium
carbonate solution and using a dosing rate of 2.5 g min~’, the
pH was held constant at 6.5. Afterward, the co-precipitate was
aged in its mother liquid without further pH control. After the
typical pH drop”' had been observed, aging was continued for
1 h. In a following procedure, the precursor was washed with
deionized water 15 times to remove the sodium and nitrate
ions, followed by drying the precipitate in a heating chamber at
80 °C overnight. The recovered powder was grinded and
afterward calcined at 350 °C for 3 h using a heating ramp of 2
°C min~' in a muffle furnace with static air. The calcination
temperature deviates from the procedure described by
Schumann et al.,*" and their catalyst is denoted FHI-Std., for
which 330 °C has been used. The increase of the calcination
temperature by 20 °C was necessary for a more complete
decomposition of the hydroxycarbonate precursor but may
come at the cost of a slightly lower specific surface area due to
stronger sintering (Table 1).

Table 1. Characterization of the Self-Prepared CZA (Cu/
ZnO:Al) Catalyst in Comparison to the Published
Commercial CZA and FHI-Std. Benchmark Catalyst”

commercial CZA FHI-Std.

CZA (Cu/ reported by reported by

ZnO:Al) of Laudenschleger et Schumann et
catalyst property  this study al.'” al”!
Apgr/m* g 93 NA 118
Ag,/m? g71b 27 28 38
Deo/%" 18 NA 8
dcy/nm” 7 NA 4.47
T seduction/ °C 170 170 211

“The BET surface area (Agpy) was measured by N, physisorption.
®The Cu surface area (A¢,) and the -dispersion (Dg,) are calculated
from the N,O-RFC method. “The Cu crystallite size (dc,) was
determined by applying the Scherrer equation to the 111 reflection
and by Rietveld refinement for the FHI-Std. catalyst.”' The
temperature with the maximum hydrogen consumption rate
(Tmaxreduction) Was determined from the TPR profile with a heating
rate of 1 °C min~' (CZA) and 6 °C min~! (FHI-Std.*").

The metal composition was chosen as 68:29:3 in CZA. The
co-precipitated precursor, the corresponding oxide, and the
reduced catalyst were characterized by the following methods.

Atomic absorption spectroscopy (AAS) was performed on a
Thermo Fisher iCE-3500 AAS instrument after dissolving the
sample in nitric acid overnight. The nominal metal ratio was
68:29:3, and this is close to the experimentally found values of
69(+/—1.5):29(+/—1.4):2(+/—0.003).

Powder X-ray diffraction (XRD) patterns of the co-
precipitated precursor and the calcined precatalyst were
recorded on a Bruker D8 ADVANCE system in Bragg—
Brentano geometry with a LYNXEYE XE-T detector using Cu
K-alpha radiation. Phase analysis was performed using
structural data from ICSD and COD databases.

Surface area analysis by the nitrogen physisorption of
precursors and calcined samples was determined by applying
the Brunauer—Emmett—Teller (BET) equation to the N,
adsorption data in the range of 0.07—0.3 of the pressure
ratio measured at —196 °C. The sample was first degassed
under vacuum at 80 °C for 2 h to remove any adsorbates. The
determination of the pore sizes was done by applying the
Barrett—Joyner—Halenda (BJH) method to the desorption



isotherm. The measurement was carried out in a BET analysis
setup with a NOVA 3200e of Quantachrome analyzer and
analyzed with the NovaWin software.

Temperature-programmed reduction (TPR) of 100 mg of
250—355 um sieve fraction was performed in a quartz glass U-
shaped tube reactor with an inner diameter of about 4 mm. As
a reducing atmosphere, 4.6% H, in Ar with a volume flow of
84.1 mL min~' at ambient pressure was used. Starting from
room temperature, the sample was heated up to 240 °C with a
heating ramp of 1 °C min~". After reaching the target
temperature, it was held for 30 min to ensure recording the
complete reduction profile. The formed water during reduction
was separated by a cooling trap to enable the analysis of the
consumed H, via a thermal conductivity detector (Hydros
100).

N,O reactive frontal chromatography (N,O-RFC) was
analyzed in a similar reactor with the same mass loading and
sieve fraction as that used for TPR. Before recording the N,O
consumption, the sample was reduced in a gas containing 2.1%
H, in He. To ensure a completely adsorbate-free surface, the
reduced sample was treated for 1 h at 220 °C in a He stream,
followed by cooling to room temperature. The N,O
decomposition experiment was performed with 1% N,O in
He at room temperature and atmospheric pressure. The
consumption of N,O was determined by a calibrated
quadrupole mass spectrometer (Balzer GAM 400). Calculating
the metal surface areas and other quantities related to N,O-
RFC was performed according to DIN 66136-1.>

Catalytic Testing and Ammonia Pulse Chemisorp-
tion. Activation. For activation, 200 mg of the catalyst in the
sieve fraction of 255—350 um was heated to 175 °C at a
heating rate of 1 °C min™" using a gas flow rate of 500 mLy
min™' g, " of 2 vol % H, in N, for 15 h. Then, the
temperature was increased to 240 °C with 1 °C min™" and held
for 30 min.

Aging of the Catalyst. To reach steady-state conditions in a
relatively short period of time, the corresponding catalyst
sample was aged before performing the kinetic experiments.
For the investigation of the initial activity, the catalyst was run
under kinetically controlled conditions in 13.5 vol % CO, 3.5
vol % CO,, 73.5 vol % H,, and 9.5 vol % N, syngas with a
volume flow of 666 mLy min™" g, ™" at 210 °C and 60 bar for
1 week.

For the further aging process, the reaction temperature was
set at 250 °C and the volume flow to the minimal possible
value to reach equilibrium-controlled conditions to ensure a
reproducible deactivation. By exposing the whole catalyst bed
to high conversion conditions, according to the study of Fichtl
et al,> steady state was reached after another week.

High-Pressure Pulse Experiments with NH; and TMA.
Similar to the aging process as for the standard syngas mixture,
the following composition was used: 13.5 vol % CO, 3.5 vol %
CO,, 73.5 vol % H,, and 9.5 vol % N,. The kinetically
controlled measurements were performed in the differential
region at 210 °C and 60 bar with a syngas flow of 666 mLy
min™* gCatalyst_l. A constant volume of 1 mL N, containing
various mole fractions from 0 to 2000 ppm of NH; and TMA
was injected into the upstream synthesis gas as isobaric pulses.

Density Functional Theory Calculations. DFT calcu-
lations were performed using the Vienna Ab Initio Simulation
Package (VASP)**”*" in connection with the atomic
simulation environment (ASE).”**° The Bayesian error
estimation functional with van der Waals correlations

(BEEF—vdW)™ with the projector augmented-wave method
(PAW)*"** and a plane-wave basis set with a cutoff energy of
450 eV was used. The choice of the BEEF—vdW functional is
motivated by its performance with respect to adsorption
energies”””* and transition states’” on transition metal surfaces
and in particular by its successful description of surface
processes related to CO, hydrogenation to methanol.'"*

Infinite slab models for Cu(211) termination consist of four-
layer thick 3 X 3 supercells, separated by more than 16 A in the
z direction. Zinc-containing alloys were constructed by the
substitution of Cu with Zn atoms along the Cu(211) edge
(denoted ZnCu(211)). The bottom two layers were kept fixed,
and the upper two layers were allowed to relax during
geometry optimizations. The Brillouin zone was sampled using
a § X 4 X 1 Monkhorst—Pack k-point grid37 for both Cu(211)
and ZnCu(211). The convergence criterion for the geometry
optimizations was a maximum force of 0.01 eV/A. Transition
states were obtained using constrained optimizations. All
transition states were verified to contain a single imaginary
harmonic frequency corresponding to the transition vector of
the reaction. All adsorption energies were corrected by zero-
point energy (ZPE) contributions. Entropic contributions to
the free energy were calculated within the harmonic
approximation for adsorbates, and entropic contributions for
gas-phase species were obtained from the tabulated values (see
Supporting Information for all data). All optimized structures
of adsorbates and transition states are given in the Supporting
Information.

RESULTS AND DISCUSSION

Catalyst Characterization. The composition (Figure S1
and Table S1), the XRD patterns of the precursor (Figure S2)
and that of the calcined form (Figure S3), the N, adsorption
isotherms (Figure S4 and Table S2), the TPR curve (Figure
SSa), and the N,O-RFC profile (Figure SSb) of the CZA
catalyst are presented in the Supporting Information. In
agreement with previous results, XRD confirmed that the
precursor of the catalyst mainly crystallized in a malachite
structure (Figure S2) and that the typical by-phase®® of Al-rich
hydrotalcite is hardly observed but cannot be completely ruled
out based on the powder patterns. The shift of the 201 peak
corresponds to a d-spacing of 2.754 A and is in line with the
results obtained by Schumann et al.*' This value indicates a
proper substitution of Cu®* by Zn>" and AI** cations. The
calcination at 350 °C for 3 h resulted in the transformation to a
poorly crystalline metal oxide mixture, and only a small
crystalline residue of the malachite precursor phase was still
present (Figure S3). The broad peak at 20 & 35° indicates a
nanostructured CuO—-ZnO composite, as expected for
industrial-type catalyst synthesis.”’ The TPR experiment in
5% H, showed that the reduction of CuO to Cu’ reached the
maximum rate at 170 °C and was complete at 200 °C (Figure
SS5a). Relating the amount of Cu determined by AAS with the
amount of consumed H,, the degree of reduction was
determined to be 100% after the TPR experiment.

After reduction, metallic Cu® and nanostructured ZnO were
identified by XRD analysis (Figure SSc). According to a simple
Scherrer analysis of the 111 reflection, the crystallite size of
metallic copper was determined to amount to 7 nm, which is
around 3 nm larger compared with that of Schumann et al,”!
which may be due to the slightly harsher calcination conditions
resulting in larger CuO crystallites. The reduced catalyst was
also characterized by N,O-RFC (Figure SSb), resulting in a



specific Cu metal surface area of 27 m*> g~' (Table 1). In
relation to the BET surface of the oxide (93 m” g™"), this value
is almost one-third of the previous oxide surface area. The
N,O-REC results of Cu/ZnO catalysts, however, must be
interpreted carefully. Fichtl et al."” demonstrated that partially
reduced ZnO,_, (e.g,, oxygen vacancies) in a Zn-containing
catalyst does react with N,0."” Partial reduction of ZnO that
contributes to the N,O chemisorption capacity was also
reported by Kuld et al.'® Therefore, Cu surface area and Cu
dispersion may be overestimated and the crystallite size
underestimated by N,O data. This discussion is of high
relevance when comparing different catalysts, but in this study
on a single catalyst material, we refrain from a further
interpretation of the N,O-RFC data showing values that are in
the range previously reported for industrial catalysts.'>"

Table 1 summarizes the key properties of the synthesized
catalyst and compares them with the data reported for the
original commercial catalyst used by Laudenschleger et al.'”
and to the original report of the reproduced benchmark
catalyst synthesis by Schumann et al.”* The comparison shows
that the synthesized catalyst represents very well the expected
properties of the commercial CZA. The here-reported
reproduction of the benchmark synthesis thus resulted in a
similar catalyst with only slightly lower values in the specific
surface area of the calcined precatalyst and N,O-chemisorption
capacity of the reduced catalyst. This could be caused by
enhanced CuO sintering during calcination.

Catalytic Performance in Methanol Synthesis. Meth-
anol synthesis was conducted over the above-described
catalysts at 210 °C and 60 bar in a feed composed of 13.5%
C0O/3.5% CO,/73.5% H,/9.5% N,. To ensure that the catalyst
is stable during conversion on the timescale of the gas pulse
experimentations, it was operated for more than 100 h under
these conditions right after activation. The investigated catalyst
lost about 20% activity after reaching the first maximum
methanol formation rate (Figure 1). After this drastic loss, the
deactivation of CZA decelerated and stabilized at around 70%
of its original activity. Such an initial activity drop is typical for
Cu-based methanol synthesis catalysts in the first S0 h time on
stream.***' Within this time frame, the catalyst may lose up to
60% of its original activity."' The main reason is thermally
induced Cu particle sintering which can be enhanced if the
ZnO spacer additionally is consumed by the in situ formation
of ZnAl,O, or Zn-OH species due to water formation in CO,-
containing synthesis gas.””*”*" The observed deactivation of
the CZA catalyst was stronger in the first 20 h than expected
from a similar catalyst and similar aging reported by Fichtl et
al.** resulting in a higher rate constant (k) and order (m) of
the deactivation rate (Figure 1). In contrast to the compared
deactivation kinetics (Figure 1, power-law fit according to
Fichtl et al.*), the CZA catalyst stabilized its productivity
faster at a methanol formation rate of about 336 ymol g~'
min~"!, which is in line with previously reported activity data of
about 350 pmol g~' min~' of a similar catalyst under similar
reaction conditions.'' The short-term behavior was described
quite well by the deactivation data reported by Sun et al.*” for
a similar catalyst and synthesis gas (60% Cu/28% Zn/11% Al;
C0O,/(CO + CO,) = 0.8).

After about 130 h time-on-stream, the catalyst was further
aged for one more week at 250 °C with a lower flow rate of 26
mLy min~" under equilibrium-controlled conditions analogous
to Fichtl et al.** This treatment resulted in a sufficiently stable
performance over the time period of the pulsing experiments.
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Figure 1. Aging of CZA in a mixed synthesis gas containing CO/
CO,/H, under differential reaction conditions. The volume flow was
set to 666 mL min™" gCatalyst_l at 60 bar and 210 °C. This procedure
was chosen to age the catalyst in the first week while investigating in
parallel the initial thermal deactivation under kinetically controlled
reaction conditions. The deactivation values were estimated by ﬁtting
a power law to the methanol formation rate according to Fichtl et al.*
The parameters obtained by Fichtl et al.** were determined with a
similar CZA catalyst at similar reaction conditions (220 °C, 60 bar,
1.39 vol % CO, 3.60 vol % CO,, 62.68 vol % H,, and WHSV = 0.51
h™).** The point marked with a star was calculated by the
deactivation data reported by Sun et al.*® for a similar catalyst and
synthesis gas (60% Cu/28% Zn/11% Al; CO,/(CO + CO,) = 0.8).
The kinetic parameters are listed in the Supporting Information in
Table S3.

High-Pressure Pulse Experiments. After reaching
steady-state conversion, the experiments of Laudenschleger et
al.'” were reproduced using the CZA catalyst. In Figure 2, the
results of the temporary poisoning by NH; are shown using a
CO/CO,/H, synthesis gas at 60 bar and 210 °C. The isobaric
injection of 1 mL pure N, results only in a sharp negative
dilution peak in the methanol content of the off-gas (see Figure
2, 0 ppm NH;). The original methanol amount is recovered
immediately. Also, the NH;-containing pulses cause the
methanol content first to decrease to the same lowest level
as in the dilution peak due to the same volume which was
injected into the upstream gas (Figure 2, e.g,, S00 ppm NH;).
However, compared with the dilution effect, reacting probe
molecules like NH; have an additional effect on the
regeneration time, which strongly increases with the increasing
amount of pulsed NH; (Figure 2, 500 ppm NH; vs 2000 ppm
NHS,).

This behavior demonstrates a temporary reversible poison-
ing of the active sites. As it is known'”** that ammonia is
converted in a stepwise manner under these conditions to
monomethylamine (MMA), dimethylamine (DMA), and
finally to trimethylamine (TMA), the decelerated formation
of methanol can have two contributions: competitive
adsorption on the active surface and/or competition of the
C, intermediates ending up in methylamine and not in
methanol. To estimate these contributions, the same experi-
ment can be performed by pulsing TMA instead of NH; '” The
decrease in methanol during the injections of different
amounts of TMA confirms that this molecule also acts as a
reversible poison (Figure 3). As no further methylation is
possible in the case of TMA, this effect is clearly caused by the
reversible adsorption of TMA on the methanol-forming active
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Figure 2. Methanol formation poisoned by injecting 1 mL N,
containing different amounts of NH; into the inlet gas during
methanol synthesis in 13.5 vol % CO/3.5 vol % CO,/73.5 vol % H,/
9.5 vol % N, using 200 mg (sieve fraction, 255—300 um) of the CZA
catalyst at 60 bar and 210 °C. To demonstrate the dilution effect, only
1 mL of pure nitrogen was injected into the inlet gas stream (0 ppm
NH,).

sites, as it was also previously described by Laudenschleger et
al.'” This is supported by the TMA profile that was recorded
during the pulsing, which inversely resembles the methanol
profile when the dilution peak is subtracted. Adsorption,
however, is weak enough for TMA to desorb again relatively
fast. Thus, the methanol mole fraction is recovered quite fast
compared with the same amount of pulsed NH;. In the case of
pulsing 2000 ppm TMA (Figure 3, 2000 ppm TMA), the
original methanol formation rate is reached again after about
25 min. For the same amount of NH; (Figure 2, 2000 ppm
NHj;), the completely recovered methanol content was reached
after about SO min.

We thus conclude in agreement with previous reports that
NH; has an additional poisoning effect, namely the scavenging
of C, surface species that are precursors to methanol. It is
assumed that NH; reacts with an intermediate of methanol
synthesis to form TMA.'” However, this would lead to a
stoichiometric consumption of methanol and does not explain
the retarded recovery of the original methanol formation rate.
The most likely reason is that the adsorption of NH; or any
intermediate in the reaction pathway to TMA is much stronger
than the adsorption of TMA itself.

Interestingly, in the same experiment, but using a CO,-free
syngas feed consisting of CO and H,, neither a poisoning effect

of NH; nor a conversion of this probe molecule to TMA was
observed, suggesting that rather reactant-like early intermedi-
ates in the CO, hydrogenation reaction selectively react with
NH;. Regarding the proposed reaction mechanism of CO, to
methanol,>'"**** formate species are the possible candidates
for this reaction. Therefore, density functional theory (DFT)
calculations were conducted to study the hypothesis of the
reaction between adsorbed NH; and surface formate species
and their impact on methanol synthesis.

DFT Calculations. In order to shed light on the influence
of NHj; and the possible reaction intermediates formed during
CO, hydrogenation, we turned to DFT calculations using two
structural models of the active site that have been introduced
in an earlier work."" As undercoordinated sites have been
shown to play an important role in methanol synthesis,*
stepped Cu surfaces are used to represent the active sites. Zn
alloying into the Cu step has also been suggested as a plausible
model representing the Cu—ZnO, synergy."" Our two models
(see Figure 4) are thus a stepped Cu(211) surface and a fully
Zn-decorated Cu(211) step, denoted Cu(211) and
ZnCu(211), respectively. We start by investigating the
adsorption and activation of NH; on these surfaces. Figure 4
shows the free-energy diagram of NH; adsorption and
activation at 500 K. As shown in Figure 4a, the adsorption
of NH; is endothermic under these conditions on both
surfaces (AGX = 024 eV on Cu(211) and 0.30 eV on
ZnCu(211)). The activation of NH; on these surfaces to
produce chemisorbed NH,* and H* is also slightly
endothermic and accompanied by a rather high reaction
barrier (1.91 eV for Cu(211) and 1.84 eV for ZnCu(211)).
These results indicate that copper as well as Zn-modified Cu
surfaces are incapable of activating NH; at low temperatures of
500 K, in line with the known fact that Cu is not a good NH;
decomposition catalyst.** During methanol synthesis, the
conversion of CO, to methanol produces surface oxygen that
is subsequently hydrogenated, forming H,0."®*” We inves-
tigated the effect of surface oxygen species (O* and OH*) on
the activation of NHj;. As can be seen in Figure 4, the presence
of O* (see Figure 4b) and to a similar degree OH* (see Figure
4c) lowers the activation barrier of NH; dissociation
substantially and also makes the reaction step downhill in
energy. The reaction barrier for the surface oxygen activated
step is 0.71 and 091 eV for Cu(211) and ZnCu(211),
respectively. We thus speculate that the activation of NH; is
only possible if oxygen or hydroxyl groups are present on the
Cu or Zn—Cu surfaces. This also explains why we do not
observe the poisoning effect of NH; in dry CO/H,-containing
syngas, as this does not produce any surface oxygen species.
The experimentally observed effect of poisoning of TMA is
initially similar to that of NH, but only in the short term (see
experimental observations, Figure 3). Our calculated values for
the adsorption free energy of TMA is AG>™* = 0.21 and 0.3
eV on Cu(211) and ZnCu(211), respectively. The adsorption
energies of MMA and DMA are also in the same range. All
adsorption energies are summarized in Table 2. As is obvious
from the calculated interactions, the adsorption of these
molecules proceeds mostly through physisorption. Judging
from the adsorption energies of the various ammonia
derivatives, there should not be large influences when going
from NH; to TMA. Experimentally, however, TMA has a less
strong poisoning effect than ammonia. In addition, the
adsorption free energies are positive, hinting at a very weak
poisoning effect, in contrast to the experimental observation.
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Figure 3. Methanol formation poisoned by injecting 1 mL of N, containing different amounts of TMA into the inlet gas during methanol synthesis
in 13.5 vol % CO/3.5 vol % CO,/73.5 vol % H,/9.5 vol % N, using 200 mg (sieve fraction, 255—300 um) of the CZA catalyst at 60 bar and 210
°C. The methanol content determined by the downstream analytics is illustrated in the upper curve (black, in each graph) and the measured TMA

concentration in blue (lower curve in each graph).

We therefore investigated the pathway after ammonia
activation with oxygen forming MMA on the surface. Figure
S depicts the free-energy diagram of the reaction of NH; and
CO,, starting with an oxygen-covered surface for both
Cu(211) and ZnCu(211). Interestingly, we identified the
reactions of CO, and NH,* to NH,-COO* (carbamate),
being both mechanistically feasible (reaction barriers of 0.82
and 1.03 eV for Cu(211) and ZnCu(211), respectively) and
downhill in energy. In fact, the chemisorption of carbamate is
the lowest energy point in the reaction mechanism, being
—0.50 eV (Cu(211)) and —0.46 eV (ZnCu(211)). Further
reaction of carbamate through hydrogenation proceeds via
NH,-COOH* and NH,-CHO* with relatively high barriers.
Carbamate is thus formed fast but hydrogenated slowly,
eventually resulting in a high coverage of carbamate on the
surfaces, which is only reduced slowly once NH; is taken out of
the feed. This interpretation is supported by the experimentally
observed slow recovery of the original methanol activity after
NH; pulsing in comparison to the fast activity recovery after
TMA pulsing (compare Figures 2 and 3). The reported
simultaneous hydrogenation of ethylene and CO, in the
synthesis gas was not limited by activated hydrogen.'”
Contrarily, during NH; poisoning, ethylene hydrogenation
was unaffected, whereas methanol formation was poisoned but
not completely stopped.” This observation indicates that

hydrogen was activated rapidly and that dissociative hydrogen
chemisorption can be excluded as a rate-determining step.

This mechanism is able to explain the strong poisoning
effect of ammonia, as carbamate blocks the active site on which
formate would be hydrogenated to methanol.

As TMA cannot form a carbamate-like intermediate, the
above-described poisoning mechanism cannot be present in
agreement with our experimental observation that TMA
poisoning is much short-lived, which we ascribe to simple
physisorption without the formation of intermediates.

CONCLUSIONS

A combined experimental and theoretical study of the
poisoning effect of NH; during the conversion of syngas
(C0O,/CO/H,) to methanol over an industrial-type CuZnO:Al
catalyst is presented. This catalyst was prepared via co-
precipitation and represented in its characteristics an industrial
methanol synthesis catalyst. The poisoning effect during
methanol synthesis from a CO,-containing feed gas reported
earlier was reproduced, and the interpretation of the
experimental results was supported by DFT calculations to
identify the stronger poison effect of NH; compared with
trimethylamine. Extensive DFT calculations on two active site
models representative of Cu and Cu/ZnO catalysts were
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Figure 4. Gibbs free-energy diagrams: (a) NH; activation; (b)
oxygen-assisted NH; activation; and (c) OH-assisted NHj; activation
over Cu(211) and ZnCu(211) at T = 500 K, p(NH;) = 0.0S, p(H,) =
44 bar, p(CO,) = 2.1 bar; (d) TMA adsorption geometry on Cu(211)
with 0.21 eV binding energy and (e) TMA adsorption geometry on
ZnCu(211) with 0.3 eV binding energy.

Table 2. Calculated Adsorption Energies of NH;, MMA,
DMA, and TMA on Cu(211) and ZnCu(211) Surfaces”

AH adsorption (eV) NH, MMA DMA TMA
Cu(211) —0.63 -0.78 —0.79 -0.75
ZnCu(211) —0.57 —0.69 —0.74 —0.70

“All energies are ZPE-corrected and in eV. Entropic contributions to
the free energy are given in the Supporting Information.
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Figure 5. (a) Calculated Gibbs free-energy diagram for NH,
methylation over Cu(211) and ZnCu(211) in the presence of surface
oxygen at T = 500 K, p(NH;) = 0.05 bar, p(CO,) = 2.1 bar, and
p(H,) = 44 bar; (b) carbamate at Cu(211) edge; and (c) carbamate
at ZnCu(211) edge.

performed, proposing adsorbed carbamate (H,N-CO, ) as a
possible intermediate blocking the active sites. This inves-
tigation shows that carbamate can form readily from the
reaction of NH,* and CO, but is a stable species that
undergoes further hydrogenation rather slowly, explaining its
strong poisoning effect. Importantly, NH,* can only be formed
in the presence of surface oxygen species, such that this effect
is not observed for pure CO feeds. TMA as well as NH; and
the other methylamines do not bind strongly to the surface,
according to the calculated adsorption energies. Hence, TMA

is not as poisonous as ammonia because it cannot form a
strongly bound carbamate species.
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ABBREVIATIONS

AAS, atomic absorption spectroscopy; ASE, atomic simulation
environment;; BEEF-vdW, Bayesian error estimation func-
tional with van der Waals correlations;; BET, Brunauer—
Emmett—Teller surface area of the solid; BJH, Barrett—
Joyner—Halenda (pore size determination); Cat, catalyst;
C,dT, enthalpy changes by temperature difference at constant
pressure; CZA, copper/zinc oxide/aluminum oxide; DFT,
density functional theory; DMA, dimethylamine; E, total
energy; FFF, given atoms are fixed; FHI-Std., FHI-Standard
(CZA catalyst); max, maximum; MeOH, methanol; MMA,
mono-methylamine; N,O-RFC, N,O reactive frontal chroma-
tography; PAW, projector augmented-wave method; PL,
power law (math); rel, relative; S, entropy; TMA, trimethyl-
amine; TPD, temperature-programmed desorption; TPR,
temperature-programmed reduction; TTT, given atoms are
relaxed; VASP, Vienna ab initio simulation package; XRD, X-
ray diffraction; ZPE, zero-point energy
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