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Abstract Temperature programmed hydrogen desorption
(H,-TPD) is a versatile tool to characterize metal surfaces
in heterogeneous catalysts. We present a systematic
H,-TPD study combined with a kinetic analysis of the H,
desorption process from pure polycrystalline copper and
alumina supported copper. The results show that, in con-
trast to typical Cu/ZnO based methanol synthesis catalysts,
the alumina support has no measureable influence on the
desorption process and that the copper surface in both
catalyst can be accurately described by a theoretically
deduced mixture of the low index planes Cu(100), Cu(110),
and Cu(111).
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Op e Hydrogen coverage on facet hkl (—)

N, Molar amount of hydrogen (mol)

N, Molar flux of hydrogen (mol s™")

1, 0 Molar flux of hydrogen at the reactor inlet
(mol sfl)

T Temperature (K)

Espu  Activation energy of H, desorption from facet hkl
(kJ mol™")

Ep Difference in activation energy of H, desorption
due to a full covered surface (kJ mol™")

ko.nki Prefactor of H, desorption from facet hkl (s_l)

R Ideal gas constant (J mol ™' K7

n Order of coverage dependency (—)

Mmege  Mass of calcined catalyst (kg™ ')

1 Introduction

In order to understand the activity and nature of supported
metal catalysts, the characterization of the metal surface
exposed to the gas atmosphere during reaction conditions is
of vital importance. Typically, this is done by specific
chemisorption of a probe molecule like hydrogen or carbon
monoxide on the metal followed by quantification of the
adsorbed amount either by frontal chromatography, pres-
sure or concentration programmed techniques or tempera-
ture programmed desorption (TPD).

In case of copper based methanol synthesis catalysts
two major techniques, the reactive N,O frontal chroma-
tography (N,O-RFC) and temperature programmed
hydrogen desorption (H,-TPD), have been developed to
analyze catalyst activity behavior [1, 2]. Especially the
N,O-RFC is widely employed due to its simplicity and
fast measuring process. Although recent results showed
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that the application of N,O-RFC in typical Cu/ZnO/Al,O3
systems does not only oxidize the copper surface, but also
oxygen defect sites generated at the Cu/ZnO interface, a
linear relationship between activity and N,O adsorption
capacity can often be established for catalysts with similar
preparation history [3-5]. In contrast, the H,-TPD method
only describes the exposed copper surface area, but suffers
from a more challenging experimental effort as the dis-
sociative adsorption of hydrogen on copper is an activated
process and full coverage is only achieved at low tem-
peratures using elevated pressure or predecomposed
atomic hydrogen [6, 7]. Apart from a pure quantification
of the exposed metal surface area, the desorption signal
also contains useful information about the hydrogen
desorption enthalpy or possible metal-support interactions
in the catalyst. As shown for Cu/ZnO/Al,O; systems, this
technique enables to monitor dynamic morphologic
changes of the copper crystallites which are induced by
partial reduction of the ZnO in vicinity to copper [8—10].
As this process is a function of the gas atmosphere
reduction potential and influences the catalyst activity it
has also been included in a microkinetic model which can
be extrapolated to industrially relevant conditions [11-13].
However, the nature of the copper surface probed by H,
desorption is still vague. On the one hand, the activity of
typical copper based methanol synthesis catalysts is defi-
nitely dependent on a strong synergy between Cu and
ZnO. Behrens et al. [14] pointed out that the integration of
single Zn atoms into the copper surface enhances the
catalyst activity and that the formation of a Cu/Zn surface
alloy is an open discussed topic in methanol synthesis
catalysts [15, 16]. On the other hand Kuld et al. [5]
concluded from their results that the formation of this
surface alloy leads to a strong decrease in H, binding
energy on the copper surface which prohibits the probing
of this surface with the common H,-TPD technique. An
analysis of the H,-TPD desorption signal on Cu/Al,O3 and
Cu/ZnO by Wilmer et al. [6], however, demonstrated that
the desorption signal is shifted to higher temperatures in
case of Cu/ZnO systems, i.e. the hydrogen is bond even
stronger to the remaining copper surfaces in close contact
with ZnO. Although the alumina present in these catalysts
is commonly assumed to be only an irreducible structural
support, Behrens et al. [17] recently showed that the
incorporation of AI’' into the ZnO framework has a
significant effect on the Cu/ZnO/Al,O5 catalyst activity
and has to be considered carefully in systematic catalyst
development. With respect to these recent results it seems
necessary to also explore the possible influence of alumina
on the hydrogen adsorption on copper: Therefore, we
present a systematic H,-TPD study on polycrystalline
copper and alumina supported copper to elucidate this
issue.

Table 1 Summary of the characterization results of C and CA

Cu/Al NH2-TPD NN20-RFC BET

(mol %) (umol goit)  (umol gey) (m* get)
C 100/- 232 £ 0.5 335 £0.1 15/3.1
CA 84/16 89.3 £ 1.8 131.5 £ 2.1 46.6/n.d.

 Calcined sample/activated sample
2 Experimental and Computational Methods
2.1 Catalyst Preparation

The synthesis procedure of the polycrystalline copper cat-
alyst C and the Cu/Al,Oj; catalyst CA with the nominal Cu/
Al,Oj5 ratio of 85/15 mol % is based on a co-precipitation
concept for the industrial Cu/ZnO/Al,O; catalyst, which
has been recently reviewed in detail elsewhere [18]. The
catalysts C and CA are precipitated from the metal nitrate
solutions at a constant pH of 7 and a temperature of 303 K
using a sodium carbonate solution as precipitating agent.
After an aging period of 60 min the precipitate is filtered
off, washed three times with bidestillated water, and dried
at 80 °C over night. The dry powder is then calcined for
10 h at 593 K in Q = 50 sccm g~ ' of synthetic air.

The metal content of the calcined precursors is analyzed
by ICP-OES (SpectroFlame FTMOASI1A, Spectro Ana-
lytical Instruments). Here, the samples are also checked for
the absence of sodium and potassium impurities. Prior to
the analysis, the samples are dissolved in boiling aqua
regia, inspissated and diluted with 1 M HNOj;. Nitrogen
physisorption of the calcined precursors is measured in a
NOVA 4000e Surface Area & Pore Size Analyzer
(Quantachrome Instruments) at 78 K. Prior to analysis, all
samples are outgassed under vacuum at 523 K for 3 h. For
analysis of the BET surface area ten evenly spaced points
in the pressure region from 0.05 to 0.3 bar are used. The
BET surface area of the reduced polycrystalline copper
sample C is analyzed after the activation procedure (see
below) in an Autosorb C (Quantachrome Instruments). A
summary of the characterization parameters is presented in
Table 1.

The copper surface area according to H,-TPD and
nitrous oxide reactive frontal chromatography (N,O-RFC)
are determined in a glass lined single-pass fixed-bed
reactor (internal diameter 4.5 mm) with internal thermo-
couple, an upstream gas mixing unit and a mass spec-
trometer (Pfeiffer Vacuum OmniStar GSD 301 O) for time
resolved in situ analysis, which is calibrated prior to every
measurement. A detailed description and schematic repre-
sentation of the setup is given in the supporting informa-
tion. The system can be pressurized up to 28 bar and
operated in a temperature range from 77 up to 773 K.
During the catalyst activation, N,O-RFC and H,-TPD
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Fig. 1 Exemplary H,-TPD of the polycrystalline copper sample C

measurements each catalyst is treated with the same gases
of the following compositions and purities: H,
(99.9999 %), He (99.9999), 2 % H, (99.9999 %)/He
(99.9999), and 1 % N,O (99.9990 %)/He (99.9999 %).

In a typical measurement m.,. = 75 mg (CA) or
350 mg (C) calcined catalyst of the 250-355 pm catalyst
sieve fraction and 500 mg purified silicon carbide of the
same sieve fraction are heated up at atmospheric pressure
for 15 h in a mixture containing 2.0 % H, in He using the
following temperature program: The temperature is raised
from 300 to 448 K at 1 K min~', followed by switching to
pure H, raising the temperature from 448 to 513 K at
1 Kmin~' and holding for 30 min. For the activation
procedure, a specific flow rate of 0.2 sccm gg,le is used.

2.2 Hydrogen Temperature Programmed Desorption
(H,-TPD)

The H,-TPD measurements follow a well established
method described in Ref. [1]. The activated catalyst is
cooled down to 235 K in helium and pressurized with
24 bar hydrogen for 30 min. A variation of the adsorption
pressure and time showed that under these conditions full
hydrogen coverage of copper is achieved. The catalyst is
rapidly cooled down to 77 K, depressurized to atmospheric
pressure and flushed at least 30 min with 100 sccm helium
until the baseline in the mass spectrometer shows a con-
stant value. Subsequently the catalyst bed is heated up
under atmospheric pressure in a flow of Q = 100 sccm
helium ramping linearly at p = 2, 4, 6 or 10 K min~". The
desorption signal upon heating the catalyst bed is moni-
tored in the mass spectrometer. A typical H,-TPD curve is
presented in Fig. 1. The symmetric H, desorption signal of
copper is centered around ~ 280 K, very distinctive, and
resembles single crystal UHV experiments by Anger et al.
[7]. The amount of adsorbed hydrogen is calculated using
the full area under the desorption peak. Apart from this
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Fig. 2 Exemplary reactive N,O frontal chromatography on

polycrystalline copper. The area shaded in gray is used to determine
the copper surface area

desorption peak, a smaller one is found at ~90 K, which
can be assigned to the desorption of weakly adsorbed
hydrogen and nitrogen. In all cases, no significant signal
above 350 K is visible, which stems from the decomposi-
tion of adsorbed water [19]. The raw data are corrected by
subtracting a constant baseline. In order to account for
possible sintering of the unsupported copper catalyst, every
experiment is performed with a fresh activated amount of
catalyst.

2.3 Reactive N,O Frontal Chromatography

The N,O copper surface area is determined at 1 bar pres-
sure subsequent to the H,-TPD experiment followed by
cooling down to 308 K in helium. At this temperature, no
significant bulk oxidation of copper is present and the N,O
decomposes on the copper surface following the reaction
[1]:

NzO + 2 Cusurface — Cugo + N>

Holding the reactor under helium, the remaining setup is
flushed with N,O/He and after switching the reactor to 1 %
N,O/He a breakthrough curve in the reactor effluent stream
is measured in the mass spectrometer. The amount of
copper surface atoms is calculated from the catalyst mass,
exact flow rate and N, area until the N,O breakthrough. In
order to determine the copper surface area, a mean copper
surface atom density of 1.47 x 10'® atoms per m? is used.
The latter one is the arithmetic mean value of the low index
planes Cu(111), Cu(110), and Cu(100). As subsurface
oxidation cannot be completely avoided, the intersection
between the falling N, signal and rising N,O signal at the
breakthrough point is used as a limit for the integration of
the N, signal. This is illustrated in Fig. 2.
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Table 2 Facet distribution according to the Wulff construction and
copper surface atom density per facet

experimental conditions [21]. The governing equations are
given as:

Cu (111) Cu (110) Cu(100) oy, . N O
a[ - nH27O - an - Z H, hkl at
) 61 13 26
ow (mol m™) 29410 179x10°  254x10° 0O _ o oo
ot €s, H hkl

2.4 Modelling of the Desorption Signal

In order to enable a well-founded comparison of the
desorption processes on polycrystalline copper with Al,O3-
supported systems, a mathematical model describing the
desorption signals is used. The modelling approach to
describe TPD flow experiments is well established has been
extensively described in previous publications [20, 21]. In
the most simple case (model 1), the desorption process is
described by a second order process from a Cu(l11)
surface [21]. A coverage-dependent activation energy of
desorption (E4 — Eg®") is used to account for signal
asymmetry and peak broadening. The resulting rate con-
stant is implemented in an Arrhenius-type format:

Ey—EgO
kdes = kOA,des X e kT

Although, the theoretical distribution and different
desorption behavior of the low-index (100), (110), and
(111) copper facets is well known, this concept has not yet
been applied for ZnO free systems [8, 9, 11, 22]. However,
due to the absence of possible metal support interactions,
the polycrystalline copper catalyst C is an ideal model
system to validate this concept. Hence, in the second model
(model 2) the presence of the three copper facets with a
fixed ratio according to the Wulff construction is consid-
ered. In order to reduce the amount of model parameters, a
common prefactor ko ges = 3.75 x 10'%s~!, which has been
derived from studies on Cu/ZnO/Al,O3 systems [21], and
in case of model 2 also a facet independent, linear cover-
age-dependent activation energy is employed.

Ep nki—E0 OH hki
Kdes ki = koges X € FT

The facet distribution for crystalline copper is calculated
using the software package WinXMorph [23, 24] and
surface free energies for copper crystals in vacuum. [25].
The resulting facet distribution 7, and the copper surface
atom density oy per facet are given in Table 2. These
values are also in good agreement for H, treated copper
particles adsorbed on ZnO [8].

The catalyst bed is described by a pseudo homogeneous
continuous stirred tank reactor (CSTR) in absence of
intraparticle mass transfer and H, readsorption on the
catalyst surface. In prior studies, both processes showed to
have no influence on the results under the given

Although, every facet exhibits a different surface
structure, the Cu:H, adsorption stoichiometry is considered
constant. Hence, the specific amount of adsorbed hydrogen
Np, is a function of the respective copper surface atom
density and the facet distribution:

Np, = ZNHzAhkl

Nu, 100 : Nay110 2 Ny 111 = 11000100 : 11100110 © N1110111

Solving the differential equations and the model
parameter estimation is done in the Athena Visual Studio
engineering software [26]. The hydrogen effluent mole
fraction relative to the peak maximum value is chosen as
objective function, gradients are calculated using a forward
difference scheme, and the absolute objective function
tolerance is set to 10'°. For the parameter estimation the
integrated Bayesian Estimation method is used.

The quality of the fit is evaluated using a dimensionless
scaled root mean square error (SRMSE) between the
experimental hydrogen effluent mole fraction xy, and the
modelling result.

1 |1 2
= Z (tz,experimental(Y}) — XH,,model (T]))

SRMSE =
Ref N j=1

For the reference value X,.r, the experimental hydrogen
effluent mole fraction at the peak maximum is used. For all
peaks, the temperature region for determining the SRMSE
values is between 225 K and 350 K. Reproduction exper-
iments showed, that the SRMSE value of two desorption
spectra with equal experimental conditions is roughly 0.04,
which is a common value for flow TPD experiments [20].

3 Results and Discussion

The H,-TPD results of the heating rate variation for C and
CA and the corresponding SRMSE values for the param-
eterized models 1 and 2 are summarized in Table 3. An
exemplary comparison of the H,-TPD signals on the
polycrystalline copper sample C with measurements on
supported copper CA and modelling results according to
model 1 is presented in Fig. 3.

Typically, the presence of strong metal support inter-
action alters the electronic properties of the metal surface
and hence the adsorption properties [27, 28]. In case of

@ Springer
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Table 3 Summary of the measurement and fitting results

Catalyst Ny (pmol g2} ) Nxzo (pmol g21) B (K min") T2 ax (K) SRMSE model 1 SRMSE® model 2
C 22.7 n.d. 273 0.046 0.042/0.032

232 n.d. 278 0.059 0.064/0.058

23.0 33.6 6 282 0.042 0.051/0.043

23.9 334 10 288 0.040 0.061/0.037
CA 87.2 n.d. 279 0.029 0.049/0.046

90.3 130 6 284 0.032 0.064/0.045

90.3 133 10 288 0.029 0.079/0.041

* From experimental curve

> Without coverage-dependency/with coverage-dependency

2
'sy 4000 - 23 experimental
< ¢}
c » == =-model 1
Q.
Q.
- 3000 <
B
c
Ke]
©
£ 2000 4
Q
<]
1S
-~ 1000 4
<
9]
=
T o

v T v T v
200 250 300 350 400
temperature [K]

Fig. 3 Comparison of the experimental H,-TPD curve with the
parameterized model 1 for polycrystalline copper C (a—d
B =2-10 K min~") and for CA (e-g: p = 4-10 K min™")

Cu/ZnO systems the formation of partially amorphous
ZnOy overlayers and thin polar ZnO films is observed and
the effect of partial alloying of Zn atoms into the copper
surface on methanol synthesis has been studied in detail.
[14, 29] It also leads to a shift of the desorption maximum
to higher temperatures. The peak maximum temperatures
of CA very much resemble the ones of the polycrystalline
copper sample C and are in good agreement with literature
data for other Cu/Al,O5 systems [6]. This suggests that
Al,O3 in fact only acts a rigid support for the copper par-
ticles and has no pronounced influence on the electronic
structure of the system.

This is also supported by the high similarity of the peak
shapes of C and CA. Although the specific copper surface
area of CA results in a roughly four times higher value than
of C, all signals can be described by the same model. The
optimized parameters for the evaluated models 1 and 2 are
presented in Table 4.

In both cases acceptable SRMSE values below or only
slightly above 0.04 can be achieved. In model 1 the
obtained parameters for the coverage dependency are very
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Table 4 Optimized parameters for model 1 and 2

Model 1 Model 2

Ex =71.2640.11 kJ mol™!
Eg =5.2740.11 kJ mol ™"
n=23340.11

Ea 100 = 63.97 4 0.14 kJ mol ™"
Ex 110 = 78.46 & 0.54 kJ mol ™!
Ex 111 = 71.01 4+ 0.16 kJ mol !
Eg = 0.98 £ 0.2 kJ mol ™

In both models a fixed prefactor of ko ges = 3.75 x 10'° 57! is used

5000 -

2 Cu/ZnO/AL0, experimental
i 1k s =375x10" === modal
£ 4000 4 E, [kJ mol"] =74.25 - 9.430>° ,
o \, 10 K min
o
<" 3000
c
o
3
©
& 2000 4
o
o
£
-~ 1000 4
c
[
=)
b= 0+
(0]

v T v r v v
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Fig. 4 Modelling results of H,-TPD spectra from a Cu/ZnO/Al,O5
catalyst

similar to values for Cu/ZnO/Al,O5 systems [21] and the
roughly 15 K lower temperature onset of the desorption
signal is accounted for by a slightly (4 kJ mol™") lower
activation energy of desorption. It should be noted, that in
this model the coverage dependence factor n defines the
desorption signal asymmetry and has no real physical
meaning. This can be nicely illustrated by applying model
1 on a highly asymmetric H,-TPD spectrum: Fig. 4 shows
the H,-TPD spectrum and corresponding modelling result
for a high performance Cu/ZnO/Al,0; catalyst presented in
Ref. [4]. Although the catalyst clearly exhibits an at least
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Fig. 5 Exemplary description of the desorption signal of H, from
polycrystalline copper considering the presence of (111), (110) and
(100) facets

bimodal desorption signal, is can be accurately described
by a coverage-dependent desorption from one single cop-
per facet.

A physically more reasonable interpretation of the
desorption signal can be achieved by considering the
presence of the low-index (100), (110), and (111) copper
facets in model 2. An exemplary description of the
desorption signal according to this model is presented in
Fig. 5.

As mentioned above, the fixed facet distribution is
deduced from a Wulff construction, which is only valid for
free copper crystals. Although, the alumina support struc-
ture seems to have no significant electronic influence on the
desorption process, it is not known a priori, whether other
influences like a preferred contact orientation of the copper
facets on alumina exists. Therefore, the fitting process is
only applied on the polycrystalline copper sample C and
the obtained model parameters are transferred without
further alteration to the CA sample. Compared to model 1
this leads to slightly worse SRMSE values for CA, how-
ever, the overall model is still in good agreement with the
measures spectra which confirms the statement that the
alumina support has no significant influence on the exposed
copper particle surface. The obtained activation energies
result in a desorption process starting from Cu(100) fol-
lowed by Cu(111) and ending with Cu(110). The same
order has been observed and discussed for desorption in
differently pretreated Cu/ZnO/Al,0O3 systems [22]. In order
to estimate the coverage dependency of the desorption
process, the model is also parameterized without a cover-
age dependent activation energy of desorption Eg (see
Table 3). It turns out that the introduction of a linear
adsorbate dependency of roughly Eg = 1kJ mol™' sig-
nificantly enhances the description of the experiments and
should not be omitted. It should be noted that this model

has to be considered very carefully when applying it to
describe the facet distribution in coprecipitated Cu/ZnO/
Al,Oj3 catalysts. In contrast to catalysts presented e.g. in
Ref. [8] and [9], the system in Fig. 4 is not considered a
standard metal-support system with (faceted) copper nano-
particles sitting on top of a bulk ZnO support, but rather a
porous aggregate of quasi-spherical ZnO and Cu nano-
particles of equal size (see Ref. [4] ). Furthermore, parts of
the copper spheres are covered with a partially reduced
ZnOy layer. Due to the complex three dimensional struc-
ture, with multiple different Cu—ZnO interfaces per parti-
cle, the description of such systems with the Wulff
construction has to be examined very carefully. However,
as Kuld et al. [5] recently showed, the oxidation state of the
ZnO in Cu/ZnO/Al,Oj5 catalysts can be influenced by the
activation procedure and subsequently analyzed via
H,-TPD and N,O-RFC. In combination with a shape ana-
lysis of the H, desorption signal this could be used to
systematically control and analyze the extent of the SMSI
effect in such heterogeneous systems and its influence on
the signal shape.

In all experiments, the ratio of consumed N,O to
adsorbed H, is roughly 1.45, which corresponds with a
Cu:H, adsorption stoichiometry of 2.9. This is in line with

an atomic hydrogen saturation coverage of 2/3 ML
(Cu:H, = 3). Although, classically a coverage of 1/2 ML

is deduced from UHV studies, the formation of a 2/3
ML coverage has been observed under higher adsorption
pressures [30, 31]. Furthermore, it has recently been shown
[4, 5] that the commonly assumed adsorption stoichiometry
of Cu:H, = 4 in Cu/ZnO/Al,0;5 catalysts suffers from an
overestimation of the copper surface area by N,O-experi-

ments. Assuming a saturation H-coverage of 2/3 ML and a
mean copper surface atom density of 1.47 10" m™2 the
mean surface area of the polycrystalline copper sample C is
2.9 m? g;jc. This is in excellent agreement with the BET
surface area of the activated sample C (3.1 m’ gc_a}c) and
underlines the high sensitivity achievable with H,-TPD.

4 Conclusion

The exposed copper surface area of polycrystalline copper
and a Cu/Al,O5 system was successfully characterized with
hydrogen temperature programmed desorption. A com-
parison of the obtained signals points out that the alumina
support has no significant influence on the desorption sig-
nal and that both systems can be described using the same
mathematical models. It can be concluded from the results
that the shift of the desorption maximum in Cu/ZnO/Al,03
catalysts to higher temperatures is indeed a function of
the Cu/ZnO synergy and is not directly correlated to a
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Cu/Al,O5 interaction. Furthermore, it was demonstrated
that the desorption signal can be accurately described using
a theoretically derived distribution of the low-index (100),
(110) and (111) facets according to the Wulff construction
for free copper crystals. Within the scope of copper based
Cu/ZnO/Al,O5; methanol synthesis catalyst these experi-
ments strengthen our understanding of the catalytic activ-
ity, which is determined by metal support interaction and
by mutual influence of the specific catalyst components.
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