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and quantify hydrogen containing species in Cu/ZnO catalysts operando during methanol synthesis.
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Steady-state measurements reveal that the amount of hydrogen containing intermediates is related to
the reaction yields to CO and methanol, as expected from simple considerations of the likely reaction
mechanism. Time-resolved measurements indicate that these intermediates, despite indispensable
within the course of reaction, slow down the overall reaction steps. Hydrogen-deuterium exchange
experiments indicate that hydrogen reduction of Cu/ZnO nano-composites modifies the catalyst in
way that at operating temperature hydrogen is dynamically absorbed in the ZnO-nanoparticles. This
explains the extraordinary good catalysis of copper if supported on ZnO by its ability to act as a
hydrogen reservoir supplying hydrogen to the surface covered by CO,, intermediates, and products

during catalysis.

1 Introduction

The production of methanol from syngas is an established chem-
ical process utilized on an industrial scale using highly efficient
Cu/ZnO nanocatalysts. X With the advent of a worldwide renew-
able energy scenario, the production of methanol from CO, and
renewable hydrogen is receiving increasing attention.2 This re-
action is catalyzed by similar catalysts.@ Although long known,
the reaction mechanism, in particular intermediates and rele-
vance of the complex and very specific nano-structure of the cat-
alysts are debated .56, Recently, the careful structural analysis
of such industrial Cu/ZnO catalysts triggered the hypothesis that
zinc oxide has the ideal reducibility to catalyze methanol synthe-
sis, which was found to be a consequence of the stability of the
Cu/ZnO nano composite with the right bulk defects, and pecu-
liar interface and surface structures. The authors concluded that
the functioning of the methanol catalyst "could be further evalu-
ated if a method of quantitatively relating the reducibility to the
catalytic properties could be found."? Traditionally, reducibility is
experimentally assessed by the method temperature programmed
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reduction (TPR), in which the amount of hydrogen consumed and
its temperature dependence to reduce the previously oxidized cat-
alyst is determined. This method depends on many experimental
factors, which can strongly vary X An elegant way using model
systems was introduced by Karim et al.®/ The study emphasizes
the strong link between reducibility of the support and hydro-
gen spillover. The challenge of all experimental methods is the
determination of the exact amount and dynamics of hydrogen
in/on the material during reaction.” As hydrogen has only one
electron, its detection by analytical tools based on the interaction
with electrons is challenging: core-level spectroscopies such as X-
ray photoelectron spectroscopy™? and X-ray absorption 12 can-
not be used as a quantitative method for hydrogen, and hydrogen
is nearly invisible for X-ray diffraction. 1314 A reliable probe must
thus make use of the interaction with the proton, which is possi-
ble by nuclear magnetic resonance18 and neutron techniques.
We demonstrate in this paper the use of neutron imaging to fol-
low the number of hydrogen species operando. The interaction of
neutrons with many types of materials is relatively weak, 17 and
thus, for example, a neutron beam can easily penetrate thick alu-
minum walls of a chemical reactor. At the same time, neutrons
have a large cross section with hydrogen, i.e., we can probe hy-
drogen in an operating chemical reactor.18 Neutron imaging al-
lows the quantification of the absolute amount of hydrogen con-
taining compounds on a catalyst over the course of the reaction, ™
and by relating to the surface area, the number of occupied sites
is estimated. A drawback of the method is that it cannot pro-
vide the information, which exact molecule is adsorbed. There
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are various possibilities: chemisorbed hydrogen, OH-groups, in-
termediates, and the products water and methanol. 2921 We shed
light on this uncertainty by simultaneously measuring the prod-
uct yield as a function of partial pressures, temperature and time
by gas IR-analysis. The amount of mobile hydrogen on/in a cat-
alyst is determined by neutron imaging of hydrogen deuterium
exchange. In addition, we support the neutron experiments by
hydrogen-deuterium exchange by laboratory experiments making
use of the weight change upon hydrogen-deuterium exchange.
The main outcome of the experiments is that hydrogen reduction
of Cu/ZnO nano-composites modifies the catalyst in way that at
operating temperature hydrogen is dynamically absorbed. This
explains the extraordinary good catalysis of copper if supported
by ZnO by its ability to act as a hydrogen reservoir supplying hy-
drogen to the surface covered by CO,, intermediates, and prod-
ucts during catalysis.

2 Experimental

Samples. Commercial copper-based methanol synthesis
catalysts Cu/ZnO/Al,O3 pellets from Alfa Aesar.  Catalytic
performance: max at ca. 225°C = 0.0145 mmol CH3;OH min ™!
= 0.128 kg MeOH (kg cat) ' h™!; space velocity = 60000 1 h~'.

Fig. 1 Scanning electron microscopy images of the catalysts at two
different magnifications. The blacks spots are identified as empty space.

X-ray diffraction (XRD) patterns were carried out on a
PANalytical X’Pert-Pro powder X-ray diffractometer, using Cu Ko
monochromatized radiation (1.541 ) between 26 = 10790° (X-ray
gun setting at 40 kV and 40 mA). The XRD powder pattern

10000 T T T T T T T 100
Zn0-26170
8000 4 —— CuO-16025 Jeo
—— CuznC03-109166
£ ——C-76767 &
3 >
8 6000 E
) £
2 €
S 4000 2
S &
°
2000 _\H
0 } . . - JLuIlT}l ”II 0
60 70

10 20 30 40 50
20/°

Fig. 2 X-ray diffraction pattern of the Cu/ZnO/Alumina catalyst.

of the studied catalyst (Fig. shows broad diffraction lines
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corresponding to monoclinic CuO (ICDD-PDF 16025) and ZnO
(ICDD-PDF 26170). Crystalline Rosasite (CuZn)2CO3; ICDD-PDF
109166 as well as graphite (ICDD-PDF 76767) are identified and
explain the low infrared reflectivity of the samples (see DRIFTS
discussion below). Interestingly, we do not observe peaks related
to alumina, which is thus X-ray amorphous. The observations are
in good agreement to the one found for similar Cu/ZnO/alumina
catalysts as studied in Refs.22/23

Surface characterization. The total surface area was deter-
mined by BET (micrometrics ASAP 2000) to be 105 mz/g. The
copper surface area was determined by hydrogen reduction/N,O
oxidation cycles.2® The freshly reduced catalyst is exposed to
N,O. Simultaneously, the weight change is recorded and normal-
ized by the atomic weight of oxygen and total weight of the sam-
ple. Assuming that only the two uppermost atomic layers of the
Cu nano-particles are oxidized, i.e. [Cu]/[0] = 1,22 one can relate
the weight change to the number of Cu surface atoms giving a Cu
surface area of 18 m2/g, in good agreement with literature.22 Ex-
perimental conditions: Rubotherm magnetic suspension balance,
Rubotherm Bochum, reducing in H, at 300°C, cooling down to
100°C, He for 1 h, N,O for 30 min, He for 1 h.

Neutron Imaging. High-resolution neutron imaging was per-
formed at the cold neutron beamline ICON2% at the Swiss Neu-
tron Spallation Source (SINQ), PSI (Switzerland). The SINQ
neutron source operated at 1.33 mA delivering polychromatic
neutrons in the thermal to cold energy range. The beam defining
aperture at ICON beamline was 20 mm in diameter and the imag-
ing detector was placed at the measuring position No. 2. The
collimation ratio (L/D) was equal to approximately 350. After
traversing the sample position, the neutron beam was captured by
20 um thick Gadolinium oxysulfide scintillator screen. The scin-
tillation light has been collected using fibre optics taper (FOT)27
in contact to the scintillator screen by its small end. The light
emitted from the large end of the FOT has been detected using
standard camera box (MIDI box) using a 100 mm Zeiss Makro-
Planar objective and a 2048 x 2048 charged couple device (Andor
Technology). The resulting pixel size of the acquired images was
equal to 6.2 micrometres and the spatial resolution was assessed
visually by imaging Siemens star test pattern?8 was equal to ap-
proximately 20 micrometres. The sample (Cu/ZnO pellet) was
placed in a heated reactor cell made of aluminum, near to the
scintillator plate at around 20 mm distance, and aligned to have
the pellet’s cylindrical axis parallel to the neutron beam. The ex-
posure times of the individual neutron images was equal to 20
s. For measurements under static conditions, 10 images were av-
eraged for better statistics. The image analysis was performed
using the software ImageJ using built-in functions and a plug-in
for image normalization developed by the Neutron Imaging and
Applied Materials Group at PSI.

The total neutron attenuation coefficient o;,, was calculated
using the sum of total neutron scattering cross section (coherent
plus incoherent) and of the neutron absorption coefficient.1”
With the setup used for neutron imaging (thermal neutrons with
broad energy range), the attenuation coefficients do not depend
significantly on the chemical nature of the species.2?



Gas supply and Analysis. The gas (reactants) flows were con-
trolled by thermal mass flow meters from Bronkhorst connected
to a Labview interface. Typical flow rates were 25 ml min~!
CO», and 100 ml min~! H, (and deuterium, respectively). The
product gases were led through an FTIR-gas cell installed at a
Bruker Alpha spectrometer acquiring spectra at a resolution of
0.8 cm~!. Gravimetric analysis was performed in a Rubotherm
Magnetic Suspension balance (Bochum, Germany) attached to
the same gas supply system.=?

Diffusive reflectance infrared Fourier Transform Spectra
(DRIFTS) were collected using a Vertex 70 infrared spectrome-
ter (Bruker Optics) equipped with a DRIFT unit (Praying Man-
tis, Harrick) and liquid nitrogen cooled MCT detector. The com-
mercial Harrick cell (HVC-DRP-3) was attached to the same gas
manifold system used for neutron imaging (see above). DRIFTS
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Fig. 3 DRIFTS experiments on Cu/ZnO/Alumina catalyst hydrogen
/CO, mixture (1:3) up to 8 bar. The panel highlights the 8 bar spectrum,
and the one after stopping CO, flux showing remaining adsorbates. The
reference spectrum (at 1 bar H,/CO,) is taken from Ref.31.

was already be used to identify the main reactants, intermedi-
ates, and products adsorbed on the surface as well as in the gas
phase during CO» reduction on Cu/ZnO-alumina. 433 However,
due to large carbon content and various nano-crystalline (see
Fig. [2), the infrared reflectivity of the sample is extremely low,
and the observed changes originate mainly from reactants and
products in the gas phase. Furthermore, bulk phases such as ros-
asite (CuZn(OH), (CO3)) may influence the DRIFTS signal, if they
are modified during reduction/reaction.

3 Results and discussion

Figure |4] explains the idea of neutron imaging for catalysis along
experimental neutron images of an industrial methanol catalyst
consisting of a pellet with 5.4 mm diameter and 3.6 mm height
(see photo). The pellet is inserted into a heated aluminum reac-
tor. The neutron beam is attenuated while travelling through the
sample/sample holder. With 1.7 barni734 the total neutron at-
tenuation coefficient (see section Experimental) for aluminum is
low, but not negligible. Thus, the bore of the reactor is visible on a
neutron transmission image as a brighter area (Fig. [4). The total
neutron attenuation coefficient for Cu (11.81 barn) and Zn (5.24
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Fig. 4 Neutron transmission image of a Cu/ZnO catalyst pellet (optical
photo on the left) placed in an aluminum reactor (left large picture).
Middle and right pictures show the neutron contrast image at different
conditions, one with hardly any excess hydrogen adsorption in the cata-
lyst, (middle), and one with marked adsorption in the catalyst exceeding
that of the gas phase (right). The contrast is maximized for each image
for better visibility. The yellow line is a guide to the eyes to indicate the
reactor bore.

barn) is higher!”, and thus the catalyst pellet placed inside the
bore appears as black disk. This image serves as reference image
(= reference signal Iy). During reaction, the gas content as well
as adsorbed species changes. Possible elements are hydrogen,
oxygen and carbon with absorption cross sections of 82.35 barn,
4.23 barn, and 5.55 barn, respectively.1Z Effectively any changes
of the neutron attenuation can thus be related to a changes of the
number of hydrogen atoms. The changes of the hydrogen content
xy are recorded as a deviation from the reference image ,_y/1y.
This deviation is quantified by applying the Lambert-Beer law:

1n(170):x1.1-d-/,t 1)
d is the thickness of the disk, u is the molar cross section. This
approach is possible because the neutrons transmit the sample in
the direction of the pellet’s cylinder axis. Figureshows two typi-
cal examples: one, in which hydrogen adsorption in the sample is
negligible also at high hydrogen gas pressure, and one with high
hydrogen load in the sample.

In the first case, the sample is exposed to H; at higher pres-
sure than used while taking the background image. Due to the
increased number of hydrogen atoms in the gas phase, the whole
bore appears as dark area. In this particular case, as there is
no significant difference (contrast) to the pellet area, one can
conclude that the amount of hydrogen in the gas phase is sim-
ilar to the amount of hydrogen species on the catalyst. In sec-
ond case, the catalyst is exposed simultaneously to CO, and H,
(reaction conditions). Under these particular conditions, hydro-
gen containing species accumulate on the surface of the catalyst.
These additional species lead to a comparably higher contrast at
the pellet area compared to the gas phase. To separate the sig-
nals originating from gas and hydrogen in the catalyst, the gas
signal is subtracted from the signal in the pellet, which contains
both contributions, giving the "excess hydrogen" in the catalyst
xp o< In(leqr /Igas). For experimental details, see section Experimen-
tal.
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Fig. 5 Left graph: "excess hydrogen" xpy o< Inlcq; /Igus at 12 bar hydrogen
as a function of the CO; concentration and temperature. Simultaneously,
the MeOH-yield (middle graph) and CO-yield is determined (right graph).
For the CO-yield, an Arrhenius analysis gives an activation energy of
Es =124 eV (~ 120 kJ/mol).

3.1 Excess hydrogen during catalysis

The excess hydrogen plotted as a function of CO, concentration
in Fig. [5|is the number of protons associated to the material. It
may become negative as is the case for lower temperature at 0%
CO,, and indicates that the number of hydrogen atoms in the cat-
alyst’s volume is smaller than in the free gas space. These hydro-
gen atoms may be hydrogen attached to surface, including -OH
species and -H on ZnO=253¢ a5 well as hydrogen chemisorbed on
Cu,2%37 which then transform into reaction intermediates and
products, such as formate, acetal, and methoxy species2!/32i38
and water, methanol,=8
lized here (white neutrons in the thermal energy range) cannot
distinguish between differently bound hydrogens®2. However,
the larger amount excess hydrogen at finite CO, concentration
is a consequence of the circumstance that the number of hydro-
gen atoms per adsorbate after reaction is higher than the ones
formed in pure hydrogen. In the latter case, we expect only
chemisorbed hydrogen (H*) and hydroxide (OH*), while during
reaction hydrogen rich compounds are formed, e.g., HCOOH*,
H,CO*, H;CO*, H3COH* + H,O* (see discussion mechanism be-
low). This hypothesis is further corroborated by the concentra-
tion dependence: the plateau-like behavior indicates that the re-
action species are formed nearly independent of the actual gas
concentration and reaction yield (compare simultaneously mea-
sured CO- and methanol-yield in Fig. [5, particularly at 448 K).
That means that the surface coverage consists mainly of inactive,
possibly even inhibiting adsorbates. Further evidence for this is
given by time dependence of the process.

Time dependent measurements (Fig.[6) show that the complete
removal, i.e., the desorption of intermediates and products from
the surface takes up to one hour after switching from high pres-
sure reaction conditions to pure hydrogen at 1 bar, while the cov-
erage is completed within a few minutes after switching to reac-
tion conditions. Main desorption product is water. Interestingly,
also the methanol concentration peaks with pressure release, in
contrast to CO, which just stops. Micro-kinetic models=8 empha-
size the stability of some intermediates (such as OH forming even-

respectively. Neutron imaging as uti-
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Fig. 6 Time resolved operando measurements: the neutron contrast
as parameter of the amount of hydrogen containing adsorbates on the
catalyst surface reaches steady-state rapidly after switching from H; to
H,/CO;, mixtures as does the CO-yield. Contrarily, the MeOH yield has
a maximum on the fresh sample, and the water signal slowly increases.
Switching off CO, and reducing pressure to ambient conditions forces
desorption of intermediates and products. The immediate decrease of
the CO signal indicates that there is only little CO adsorbed, while the
increase of MeOH and water proves that a substantial amount of MeOH-
related intermediates and the products themselves are adsorbed as also
visible by the rather slow decay of the neutron contrast (the line is a fit
to an exponential function). Reaction conditions: p =12 bar, T =473 K,
H,:CO; ratio 6:1.

tually water, see below) on the surface of the catalyst blocking
adsorption sites needed for catalysis. This explains the initially
higher production yield as well as the absence of a concentra-
tion dependence of the coverage: a few percent CO, is sufficient
to produce these adsorbates covering most of the surface of the
catalyst.

Further insights on the chemistry taking place during cataly-
sis may be concluded by comparison of the results with the ones
supported by spectroscopic methods such as inelastic neutron
scattering (INS) 40n42l and diffusive reflectance infrared Fourier
transform spectroscopy (DRIFTS).3233 DRIFTS is a true operando
spectroscopy, i.e., it is compatible with the particular sample form
(usually powder) and sample environment (gas, liquid) at el-
evated temperatures and pressures.43 However, the signals of
the adsorbed as well as gaseous molecules depend on the IR-
reflectivity of the catalyst.2448 Concretely, DRIFTS on ’black’
(no-IR reflectivity) catalysts is very challenging.4” We performed
DRIFTS measurements (see section Experimental), but did not ob-
tain meaningful information on surface adsorbates due to the ex-
tremely low infrared reflectivity of the sample.

From literature experiments and DFT:modelling=¢ the follow-
ing reaction mechanism were proposed (for illustration, see
Fig.[9): CO-production proceeds via the reversed water gas shift
(RWGS) reaction via a dissociative mechanism;37/48/49

COy+Hy+3%— CO+0"+2H" - CO+OH" + H" + *

— CO+HyO+ 3% (2)

or via the associative mechanism:>Y

CO,+Hy+2% — HCOO* +H* — CO+ OH* + H*



— CO+Hy0 + 2% 3)

The dissociative mechanism is often called "redox" mechanism
stems due the fact that there is an electron transfer involved from
CO, to the adsorption site * to form chemisorbed oxygen O*. On
Cu, this corresponds to the oxidation of Cu® to Cu’. The role
of hydrogen would then be to reduce the oxidized Cu back to
Cu®.48 1n principle, the first reaction step of the associative mech-
anism may proceed via Langmuir-Hinshelwood or via an Eley-
Rideal pathway, possibly even concurrently as has been suggested
for the RWGS on nickel.#2 However, for copper, there is strong
experimental evidence that formate formation proceeds via the
Eley-Rideal pathway, in which only hydrogen is chemisorbed at
the surface, and CO, reacts from the gas phase or physisorbed
state. >0

A crucial difference between the processes [2| and [3] is the
additional hydrogen containing intermediate (formate) that is
formed during the associative pathway. In both reactions, wa-
ter is formed and its reaction from OH* and H* is slow® and
thus reduces the overall reaction yield. It is evident that the CO
reaction yield depends on the partial pressure of CO, and hydro-
gen and on temperature to overcome the activation barrier,2” as
observed (Fig.[5). The measured yields and the from an Arrhe-
nius analysis derived activation energy of approximately 1.24 eV
(120 kJ/mol) are in good agreement with earlier studies (E, =
1.6 eV (150 kJ/mol)2L). In contrast, for the reduction of CO,
to methanol at least six hydrogen containing species (HCOO*,
HCOOH*, CH30,*, CH,0*, OH*, and CH30*) are formed on the
surface of the catalyst according to the most probable pathway=8:

CO,+3H, 4

— HCOO* +5/2((1 —n)H, 4 2nH*) (5)
— HCOOH* +4/2((1—n)H, +2nH*) 6)
— H,COOH* +3/2((1 —n)Hy + 2nH*) (7
— HyCO* 4+ OH* +2/2((1 —n)H, + 2nH*) )
— H,CO* +HOH +1/2((1 —n)Hy +2nH*) 9
— H3CO* +H* +H,0 (10)

— H3;COH + H,0 an

n is the relative amount of hydrogen chemisorbed on the surface
to that left in the gas phase. Without the reservoir of interme-
diates, methanol cannot be formed, which is in very good agree-
ment with our experiment: highest methanol yield is found at
highest amount of excess hydrogen. The lack of substantially
adsorbed CO suggests an explanation of the need for CO, for
CO hydrogenation to methanol: Even if direct pathways® may
be available, the surface is covered by stronger binding adsor-
bates such as CO, and water. The neutron experiments are thus
in agreement of the hypothesis that production of CO from CO,
takes place via the associative pathway, although the results are
not decisive.

The first step of the methanol synthesis and the associative
mechanism of the RWGS reaction share formate as a common

intermediate. Both reactions share another reaction step: the
hydrogenation of OH* to form H,O* and its subsequent desorp-
tion (eq. EI), which has a high barrier.*® However, formation of
CO depends on the partial pressure of CO,, which rapidly de-
creases if the CO, supply is stopped (Fig.[6]. Vice versa, methanol
formation continues and the yield is even increased due to en-
hanced reaction of the still present intermediates with adsorbed
hydrogen. Simultaneously, the water formation is markedly in-
creasing, which continues even after complete reaction towards
methanol. This is in line with the hypothesis that adsorbates
such as OH* block the chemisorption of hydrogen for reaction
with CO,, methanol intermediates and with OH* itself. This fact
is formally taken into account by introducing the variable n in
the formulas [4] to indicating that the ratio of chemisorbed
hydrogen to hydrogen in the gas phase (n) is unknown. Vari-
ous studies showed that hydrogen adsorption/desorption on Cu
is fast compared methanol synthesis rates.> Hydrogen coverages
of up to 40% at 10 bar were calculated. It is obvious, though,
that chemisorbed hydrogen competes with other adsorbates for
the same surface sites. Askgaard et al. give detailed values based
on a micro-kinetic model:22 at 50 bar and 500 K, the coverage
by hydrogen 6y« = 0.330 is significantly larger than that all other
adsorbates: 0ycoo+ = 0.070 > 0CH3C0* =0.042 > 6py+ = 0.017 >
Oco- =0.016 > 0C0§ =0.0028 > 9[-120* =0.0017 >> 6,.5. However,
below this temperature, HCOO* is the most abundant species,
with 6ycpo- =~ 1 eventually blocking all free sites. Thus, the high
calculated rates of hydrogen chemisorption on Cu are existent as
long further reaction with this chemisorbed hydrogen and eventu-
ally desorption of the formed intermediates is guaranteed.’ The
neutron data (excess hydrogen in Fig. |5) confirm experimentally
that the surface is quickly equilibrated with additional hydrogen
containing intermediates including water, which will reduce the
hydrogen chemisorption rate.

In principle, the method gives absolute numbers. The number
of hydrogen atoms per volume at 4 bar partial hydrogen pressure
corresponds to Ni/V =2-6-10%0-4/(24-1073) m~3 ~2.10% m 3.
The surface area was 105 m2g~! (see Experimental), the density
is around 5 g cm™3, and the total surface atom density around
1.46-10'° atoms per m2. This gives the number of surface atoms
per volume N,.¢/V =2- 10%° m—3. If we now measure a hydrogen
excess of 0.01, we can estimate that 1% of the surface are covered
by new species. Approximately 1/6 of the surface consists of Cu
atoms (see Experimental). The order of the coverage is in good
agreement with the numbers discussed above.>Z This estimation
can be further specified using reference samples and/or reference
states of the sample to be performed in the future.

Recently, a crucial difference between methanol synthesis from
CO and hydrogen and methanol from CO, was traced back to
the fact that only in the latter reaction water is formed and ad-
sorbed at the surface and thereby blocking reaction sites.>3 The
results at hand, both neutron imaging (Fig.[6) as well as DRIFTS,
showing water as the only identifiable adsorbate (Fig. [3), cor-
roborate this finding. The active removal of the product water
is thus expected to enhance the reaction yield. This idea, also
called sorption enhanced catalysis, was recently experimentally
demonstrated (Cu/ZnO catalyst in ionic liquids®#, and Cu/zeolite
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catalyst o)

3.2 Hydrogen on/in Cu/ZnO

The concentration of H* under methanol synthesis conditions is
pivotal but cannot be measured easily due to interference with
other hydrogen containing species. We have therefore studied the
behavior of the catalyst in the absence of CO,. To further increase
the accuracy of our experiments, we combined neutron imaging
with hydrogen-deuterium exchange. The hydrogen flow to the
sample, which has been equilibrated at a given temperature and
pressure, is abruptly exchanged for deuterium at the same condi-
tions and later back to hydrogen again. Deuterium has a consid-
erably lower neutron attenuation coefficient (oy, (D) = 7.64 barn,
compared to 6, (H) = 82.35 barn),1Z and thus the neutron con-
trast (In/p —Inly) is directly proportional to the amount of hydro-
gen, which can be dynamically exchanged. With this technique,
we can follow the kinetic measurements on the time scale of sec-
onds (Fig.[7).

An advantage of the neutron technique is the imaging possibil-
ity, giving insights on diffusion processes. In zeolite based cat-
alysts, we could show by this technique that macroscopic diffu-
sion controls the reaction rate in catalyst pellets,'2 a very well-
known constraint in technical catalysts.”® However, on the ac-
cessible time and length scale of the experiments applied here,
no difference of the time evolution at the outer and inner parts
of the catalyst pellets are observed (Fig.[7). This indicates that
the time dependence of the process stems from microstructural
modifications, and the macroscopic transport through the pellet
is too fast to be captured by neutron imaging with experimen-
tal parameters used. This conclusion is further corroborated by
scanning electron microscopy images depicting the highly porous
structure of the technical catalyst with voids of several 100 mi-
crometer size (Fig.[I). On the other hand, the temporally acces-
sible changes take place on length scales, which are not resolved
by neutron imaging (below a micrometer). To still yield some in-
sights into the atomistic changes, we only studied the time- and
temperature dependence of the averaged hydrogen content on/in
the catalyst. With neutron imaging being a very expensive tech-
nique, we highlight here a complimentary possibility for prob-
ing the H/D exchange. As deuterium has double the mass of
hydrogen, the exchange of hydrogen can be gravimetrically de-
termined (for details of the apparatus, see Ref.*%). However, the
Cu/Zn0O/Al, 03 catalyst is not stable in hydrogen, it loses weight
even after long equilibration (2 hours, see Fig. [7), which is at-
tributed to the loss of oxygen by reduction of the ZnO. If now the
hydrogen gas in the reactor is rapidly exchanged by deuterium, a
steep weight increase is observed indictative of exchange of hy-
drogen by deuterium in the the sample. Reversing the process,
the same negative weight difference is obtained. We compare
the H/D exchange experiments using a magnetic suspension bal-
ance with the results from neutron imaging in Fig.[7| The steep
changes upon gas changes (from hydrogen to deuterium and vice
versa) are observed by both techniques and demonstrate the fast
reversible exchange of hydrogen in Cu/ZnO. The difference to the
neutron measurements is that in addition to mass changes from
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Fig. 7 Left graph: Change of neutron contrast and mass of
Cu/ZnO/Al, O3 catalyst upon gas switch from hydrogen to deuterium
and vice versa at 200°C. Right graph: time- and spatially resolved neu-
tron contrast upon hydrogen deuterium exchange (at t = 0) derived from
the neutron radiography image series (r =0,25,50,75,100,250 s) at three
different location in the pellet (in the center, at half radius and at maxi-
mum radius).

H/D exchange mass changes occur from desorption of adsorbates
and oxygen. This is visible by the linear decrease of the weight
on top of the fast changes. Still, by substraction of this contin-
uous change, the neutron contrast can be calibrated against the
weight changes (compare also Fig. . In absolutely pure hydro-
gen, Cu/ZnO is unstable, and oxygen desorbs from the catalyst.
This process starts around 450 K as usually determined by TPR.>Z
The degree of reduction depends on the oxygen partial pressure.
At temperatures below 800 K, only the surface of Cu/ZnO nano-
catalysts is reduced,?? if practical hydrogen (deuterium) purities
are used: the threshold oxygen partial pressure of pp, = 1010
mbar corresponds to 13N hydrogen, which is technically unreal-
istic. We can thus assume that main part of the catalyst remains
as ZnO, and only Cu, the direct vicinity of ZnO and its surface are
reduced, as supported by numerous other studies®>% on Cu/Zn0O
(for enlightening discussion see Nakamura et al. 290
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Fig. 8 Left panel shows the neutron contrast upon hydrogen-deuterium
exchange in Cu/ZnO/Al,O3 catalyst at various temperatures yielding the
kinetics of hydrogen mobility and total amount of hydrogen expressed by
the amplitude (maximum contrast, blue squares) and time constant (dark
blue spheres) derived from an exponential fit to the data, respectively. An
Arrhenius analysis of the time constant (right panel) gives an activation
energy of E4 =0.16 €V. The maximum neutron contrast is compared to
gravimetric H-D exchange measurements (red diamonds) calibrating the
absolute amount of hydrogen in the sample.



An unexpected result is the increase of the maximum hydrogen
content (maximum H/D exchange) with temperature. This is ob-
served both by neutron imaging as well by gravimetric analysis
(Figure [8). This additional weight change, which is practically
subtracted from the sought signal, demonstrates that the hydro-
gen adsorption on the catalyst is coupled to the reduction of it.
The observation of increasing hydrogen content with increasing
temperature is counterintuitive: one expects a typical hydrogen
ad/absorption curve®? with the negative (exothermic) heat of ad-
sorption and thus highest coverage is expected to occur at lowest
temperature. Examples may be the well known dissociative ad-
sorption of H, on Cu®®2 while infrared studies unveiled the
active sites for this dissociative adsorption of H, on pure ZnO as
pairs of Zn and O surface atoms. 2> With x ~ 0, the driving force
for hydrogen uptake is the entropy gain, and then AH may be
positive, too (Sieverts law):03164

D~ Tk+ASy

Xg o<, | —e
Po

(12)

Such a behavior is observed in bulk absorption of hydrogen, i.e.,
AHy and ASy are the enthalpy and entropy of solution, respec-
tively.

With this background information, it is possible to specify the
kind of hydrogen on/in Cu/ZnO, being hydrogen adsorbed on
the surface, or absorbed in the bulk. Following table |1} hydrogen
absorbed in ZnO is the most likely candidate matching the con-
dition of a positive heat of absorption as well as a relatively high
amount. The H-increase is evidenced by H/D exchange probed by
neutron imaging as well as mass changes (Fig. [7); the observed
mass loss at these temperatures indicates that also oxygen leaves
the catalyst. The latter is evidence for some degree of surface re-
duction, as significant bulk reduction is expected at much higher
temperatures only. In contrast to TPR-methods, neutron imaging
together with gravimetric analysis allows to separate these two
components of reducibility of a catalyst (hydrogen absorption and
oxygen removal) usually only assessed by the one parameter hy-
drogen consumption.

Hydrogen absorption in ZnO is a well-known phenomenon;
ZnO is a wide bandgap semiconductor with peculiar opto-
electronic properties, which change upon hydrogen inser-
tion.22"09 An important question arises, whether this bulk hydro-
gen is relevant in catalysis. The kinetic measurements show an
exponential behavior. We derived a time constant 7 from an ex-
ponential fit to the kinetic curves (Fig.[8). With increasing tem-
perature, the equilibrium is reached faster. An Arrhenius analysis
gives an activation energy of E4 = 0.16 eV. Hydrogen dissocia-
tion on copper is activated with a barrier height of 1 eV.Z2 First-
principles electronic structure calculations predict a barrier height
of Ep ~ 0.4 €V for the bulk diffusion of hydrogen in ZnO, 68162
i.e., the transport of hydrogen from dissociation sites on the sur-
face via the bulk of the ZnO-nanoparticles to the reaction sites at
the Cu-Zn interface is likely. One empirical indication is the total
hydrogen uptake reaches its maximum, where the reaction yield
towards methanol has its maximum. Operando neutron imag-
ing shows a high amount of reaction intermediates and water,

which block ’ordinary’ hydrogen dissociation and chemisorption
(Fig. [E) suggesting that hydrogen supply in methanol synthesis
over Cu/ZnO catalysts is facilitated by spillover from ZnO to Cu,
as suggested by Spencer et al.1> The special "promoter effect’ of
ZnO and other 'reducible’ oxides such as In,O3 may thus be sim-
ply explained by the possibility of fast hydrogen transport through
the bulk of the nano-support. This interpretation is in line with
recent results on doped ZnO:ZL if the doping led to enhanced
conductivity, catalytic activity is found to increase. As discussed
above, hydrogen insertion increases conductivity. 02762

Various studies identified a peculiar nanostructure of Cu as well
as ZnO and thus interface between Cu and ZnO formed during re-
duction and/or reaction as the reactive sites.¢72l The findings of
this study add an additional explanation of its relevance: it is
straightforward to relate the overall catalytic activity to the sur-
face area, as the number of potentially active sites scales with it.
In addition, bulk diffusion can only be relevant to heterogeneous
catalysis, if the diffusion path lengths are very short of the or-
der of a few nanometer limiting the effect to nm-sized structures.
This is in line with experiments of Nakamura et al.Z3/ and Studt et
al.”% who found that that already small amounts of Zn below the
detection limit for bulk-ZnO are sufficient to promote Cu nano-
particles. Bulk hydrogen should thus be understood in the sense
of sub-surface hydrogen. Further synergistic effects between Cu
and Zn as suggested by the aforementioned papers are very likely,
too, but cannot be studied by the methods utilized in this paper.
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Fig. 9 Left panel: A sketch of a Cu/ZnO catalyst in pure hydrogen
gas. Hydrogen is adsorbed on Cu and and on ZnO, as well as absorbed
in ZnO and to a minor extent in Cu. There is consensus in literature
that the Cu/Zn interface is metallic.® Catalyst reduction includes partial
removal of oxygen by water formation as well. Middle and right panel:
Cu/ZnO during catalysis. Main difference is that the surface is covered
with reactants, intermediates, and products, and thus diffusion of hy-
drogen via the bulk becomes relevant. The positioning of the molecules
is speculative. The middle panel sketches CO formation via the redox
mechanism and the right one displays CO and methanol formation
via the associative pathway via HCOO* .

4  Conclusions

Using neutron imaging we are able to follow and quantify hy-
drogen containing species in Cu/ZnO during methanol synthe-
sis. Steady-state measurements reveal that the amount of hy-
drogen containing intermediates is related to the reaction yields
to CO and methanol, as expected from simple considerations of
the likely reaction mechanism. Time-resolved measurements in-
dicate that these intermediates, despite indispensable within the
course of reaction, slow down the overall reaction steps. A disad-
vantage of neutron imaging is the lack of further chemical in-
formation other than the total amount of hydrogen. In com-
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bination with the product gas analysis, DRIFTS, and literature,
we show that water is one of the main adsorbates. The mea-
surement of the total neutron scattering at operating conditions
supported subsequently by INS on the same sample quenched to
INS-compatible measurements4%4175 may be a future combina-
tion to overcome the experimental limitations of each individual
method. In addition to hydrogen containing species during re-
action, we probe the amount of hydrogen in the catalyst in pure
hydrogen by H/D exchange. The analysis brings to the fore that
a considerable amount of hydrogen is mainly located in the bulk
of the ZnO nanoparticles, while traditionally "catalysts reduction”
is associated with the removal of oxygen by water formation dur-
ing hydrogen exposure at high temperature. As hydrogen can be
rapidly exchanged in the catalyst, we propose that this absorbed
hydrogen is relevant for catalysis via spillover to the active sites
at the Cu/Zn interfaces, and not only a spectator. Although it was
not intended, the difficulty in using DRIFTS on the same samples
shows the robustness of the method, which has no experimental
constraints like optical reflectivity limiting the use of DRIFTS and
other optical operando methods.
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Table 1 Hydrogen in and on Cu/ZnO. For visualization of the various sites see Fig. |§|

reaction formula heat of reaction est. amount

surface adsorption 1Hy +Cu— Cu-H, AH(c,.;p = —39 kJ/mol® 21072 mass %

bulk absorption A Hy +Cu — CuH,, AHc,y, = +48 kJ/mol H7® 1-10~7 mass %/Z°

surface adsorption  3H, +2n0 — (ZnO)-H,  AH(z,0).py <0 5-107% mass %

bulk absorption in +Zn0O — ZnOH,, AHz,0n, >0 210! mass %7

surface reduction %Hz +27Zn0O —Zn-H+H,0 % (—AHz,0+AHy,0 +AHzp.r) >0 xp =~ 0, Am/M = —8.6 mass%

bulk reduction Hy +Zn0O — Zn+ H, 0, —AHz,0 +AHp,0 >0 xg ~0, Am/M = —20 mass%
10 | Journal Name, [year], [vol.], 1
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