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In this study, we compare and assess the performance of silver and copper species in methanol oxidative
dehydrogenation (ODH) to formaldehyde. Methanol ODH over polycrystalline silver catalysts is a major
industrial synthesis route for formaldehyde today. Ag/SiO,, Ag/TiO,, Ag/ZrO,, Cu/SiO,, Cu/TiO, and Cu/
ZrO, catalysts were prepared by strong electrostatic adsorption (SEA) and employed in the methanol ODH.
All catalysts showed metal species homogenously distributed over the metal support and metal weight
fractions up to 3.86% Ag and 7.96% Cu after sequential SEA steps. The silica-supported catalysts revealed the
best performance in methanol ODH with the highest formaldehyde selectivities and stable conversions after
seven hours time-on-stream. For these catalysts, the performance of silver and copper species in methanol
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ODH was further studied and compared close to industrial operating conditions. At low methanol feed
concentrations, the Ag/SiO, catalyst revealed a superior performance while at higher methanol feed
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Introduction

Production capacities exceeding 30 million tons per year
indicate the outstanding importance of formaldehyde in
today's chemical industry." Formaldehyde is used as a
platform chemical for the production of resins,> plastics®
and various other chemicals.*” A large part of formaldehyde
today is manufactured via oxidative dehydrogenation of
methanol over polycrystalline silver catalysts.*® The so-called
silver process combines highly selective formaldehyde
formation, simple catalyst regeneration and smaller
equipment costs compared to other formaldehyde synthesis
routes.® Typically, the process is carried out by passing a
mixture of gaseous methanol, steam and air over a catalyst
bed at ambient pressure and temperatures in the range of
560 to 700 °C.*' The catalyst bed consists of polycrystalline
silver particles with different grain sizes ordered in
horizontal layers in a cylindrical bed with several meters
diameter.>"" The total height of the bed ranges from 20 to
30 mm. Typically, methanol is introduced in excess with
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fractions, the Cu/SiO, catalyst showed improved performance and higher formaldehyde yields.

molar methanol-oxygen ratios between 2.3 and 4 depending
on the process configuration.® To minimize thermal
decomposition of formaldehyde, the product mixture is
rapidly quenched after reaction and very short residences
times are established with gas-hourly space velocities up to
250000 h™'. Formaldehyde yields at industrial conditions
range from 82 to 92%.%'®'" After absorption in water, the
product is present in aqueous solution with typical weight
percentages between 37 and 55%.>

The main reactions in methanol ODH are described in
Scheme 1."*"” While successfully applied in industry for
several decades, the mechanism is still not fully
understood."**'®1% Especially the question if methanol
conversion proceeds via direct dehydrogenation (reaction (1)),
partial oxidation (reaction (2)) or a combination of both
mechanisms remains unanswered. There is broad agreement
on the pre-treatment and structure sensitivity of the catalytic

(1) CH30Hyg H,COg + Hag AH® = +84 kimol™

(2) CH;0H, + 0.5 0; H,COp + H;0p AHC = -159 kimol ™

Iy

(3) H,CO + 0, CO, + H0p AH® = -514 kJmol
(4) Hyg +0.5 0, H,0) AH® = 243 KJmol ™
(5) H,CO COg + Hagg AH® = +12 kimol™

Scheme 1 Reactions relevant in the methanol ODH on silver catalysts.
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reaction,’””"*>* reaction induced changes in catalyst
morphology'”****® and the presence of different surface

and sub-surface oxygen species with distinct electronic
states.'>'*202>2773¢ However, their role during reaction and
their influence on the nature of the actual active sites is not
fully clarified. Wachs and Madix wused temperature
programmed reaction spectroscopy to study methanol ODH
on Ag(110) single crystals."”> They showed that dissociative
adsorption of methanol on blank silver is negligible, but
adsorption is enhanced upon presence of adsorbed oxygen.
Although adsorbed oxygen is not needed for reaction (1) from
a stoichiometric point of view, it is necessary to enable
methanol adsorption in the first place. Furthermore, methoxy
species are identified as important intermediates. Their
formation goes along with hydrogen atom abstraction from
the hydroxyl group and is followed by water formation. The
decomposition of methoxy species leads to the formation of
formaldehyde and hydrogen species, its reaction with oxygen
to the formation of formaldehyde and water species. Excess
oxygen tends to oxidize formaldehyde on the silver surface
leading to carbon dioxide and water (reaction (3)). The
complete oxidation of methanol is not observed. The findings
of Wachs and Madix are supported by various experimental
and theoretical studies."®'>?® The formation of carbon
monoxide (reaction (5)) taking place as a homogeneous gas-
phase reaction is not a catalytic process and depends on
overall residence time, gas-phase temperature and the
presence of local hotspots.”>'®'” The oxidation of hydrogen
as displayed in reaction (4) is reported by different
groups.'®'”' For example, Nagy and coworkers identified
hydrogen oxidation in the subsurface region followed by
water diffusion to the surface and desorption.>**”

Polycrystalline copper exhibits similar catalytic activity in
methanol ODH to formaldehyde with selectivities in the
range of 80 to 90%.°” Previous to polycrystalline silver,
copper catalysts were used frequently in the industrial
process. They reveal a product spectrum and reaction
mechanism comparable to silver catalysts.*®*° Similar to the
silver—oxygen system, the existence of surface and sub-surface
oxygen species was emphasized for copper under methanol
dehydrogenation conditions.*® A study of Thomas performed
in the 1920s is the sole work available to assess the relative
activity of silver and copper in methanol ODH.*" There,
methanol dehydrogenation was investigated over silver and
copper spirals without direct measurement of the reaction
temperature. Based on the yields (74% for silver and 65% for
copper) Thomas concluded that silver was more active than
copper. However, the maximum yields were identified for
molar methanol-oxygen ratios (1 to 1.25 for silver, 0.76 to 0.9
for copper) which is way out of the industrially applied range
of 2.3 to 4. To the best of our knowledge, the behavior of
silver and copper catalysts in methanol ODH to formaldehyde
has never been compared under reaction conditions close to
those of the industrial process.

The comparison of the bulk metal catalysts is difficult,
and usually, supported catalysts are more suitable for this
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purpose. Both incipient wetness impregnation (IWI) and ion
exchange (IE) methods are reported for the preparation of
supported silver catalysts, e.g. on SiO,, Al,0;, TiO,, CeO,,
MgO, ZrO,, Nb,O; and activated carbon.**** Chemical
reduction is reported for the preparation of Ag/SiO,,*>*® Ag/
Ti0,-Si0,,"” Ag/Si0,-Al,0; ***° and Ag/SBA-15 catalysts.”® As
previously emphasized by Regalbuto and coworkers,
traditional procedures for preparation of supported silver
catalysts like wet impregnation of silver salts in combination
with high temperature treatments offer only limited control
over particle size.** Recently, supported silver catalysts in
methanol ODH have been optimized by developing titania-
supported silver nanoparticles (NPs),>" silver deposited on
titania nanofibers and doped with Congo-red NPs,*”
metal fibers and composite Ag/carbon fibers synthesized by
electrospinning,® mesostructured cellular foams to fixate
bimetallic AuAg catalysts®® and bimetallic Ag-in-Au NPs
embedded in porous silica.>® Similar to silver catalysts,
supported copper catalysts were prepared previously both by
IWI and IE methods.’*®" Recently, Florek-Milewska et al.
have modified mesoporous sieves of SBA-3 type with copper
species by a wet impregnation method.**

Despite the recent advances in the synthesis of new
catalyst configurations for both silver and copper systems, a
preparation method suitable to compare both metals in
methanol ODH should be simple and meet the requirements
of the specific reaction conditions. As already pointed out,
residence times in the industrial application are kept as low
as possible due to the reactivity of formaldehyde both in
reaction with excess oxygen and thermal decomposition.
Therefore, active species with homogeneous dispersion and
particle sizes in the lower nanometer range as well as strong
metal-support interactions limiting the mobility of active
species at the high temperatures of the catalyst pretreatment
and the reaction itself are favorable.

Strong electrostatic adsorption (SEA) was recently shown to
achieve homogeneous metal dispersions with a relatively
simple preparation procedure for silver NPs on SiO,, Al,Oj,
Zr0,, Nb,Os and activated carbon.** SEA was also applied to
produce Cu/SiO, catalysts and compared to IWL®® Average
particle sizes achieved were considerably lower for SEA (2.4 nm
average) than for IWI (4.5 nm average). The principles
explaining the characteristics of SEA were described previously
in great detail.** For all oxides in aqueous solution a point of
zero charge exists (PZC), where the protonation-deprotonation
of hydroxyl groups of the support surface is in equilibrium and
thus the overall surface charge is zero. If the pH value of the
solution is below the pH value at the point of zero-charge
(pHpzc), the majority of hydroxyl groups are protonated and
the electrostatic adsorption of anionic complexes is possible. If
the pH value is above the pHpyc, the majority of hydroxyl
groups are deprotonated and the electrostatic adsorption of
positive metal complexes can be performed. Coinage-metal
catalysts such as Cu/SiO,, Ag/SiO, and Ag/ZrO, were prepared
by SEA via adsorption of diammine silver(1) ((Ag(NH;),)") and
tetraammine copper(n) ((Cu(NH;),)*") complexes.****

silver

This journal is © The Royal Society of Chemistry 2023
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Within the present study, we address the preparation of
supported Ag and Cu catalysts with good stability by SEA.
The performance of the catalysts is evaluated for different
support materials (i.e. SiO,, TiO,, ZrO,) and metal loadings
in methanol ODH to formaldehyde and studied under
conditions close to the industrial conditions (i.e. methanol
feed fractions up to 13.1 mol%). The catalysts are
characterized by several analytical tools including
transmission electron microscopy (STEM-HAADF), powder
X-ray diffraction, and N, physisorption.

Experimental section

Details on all used materials are provided in the ESIT (S1.1).

Catalyst synthesis via SEA

The pHpyc of each support was determined by adapting a
procedure presented by Park and Regalbuto and is described
in detail in the ESI{ (S1.2).°* Adsorption of active species via
SEA was performed by adding a metal precursor solution to
the support material. Details for the preparation of the silver
diammine (AgDA) and the copper tetraammine (CuTA)
solution (200 ppm) are provided in the ESIf (S1.2).
Concentrations of support surface area (CSA) in the range of
500 to 4000 m”> L™ were used and calculated as follows:

m
CSA = Appp- —upport

solution

where, Agpr [m* g7'] is the specific surface area of the support

material, Mguppore [g] the mass of support material and
Vsolution [L] the volume of precursor solution. The solution
was then shaken for one hour at 170 rpm on an orbital
shaker. Afterwards, the catalyst was isolated and the
supernatant collected by centrifugation (10000 rcf, 15 min)
and the catalyst was dried at 100 °C overnight. The metal
uptake by the support material was determined by measuring
the metal concentration in the solution before and after SEA
with  inductively  coupled plasma-optical emission
spectroscopy (ICP-OES) (ICP-OES 700 series, Agilent
Technologies). The adsorption density (/ineta) and the weight
fraction of metal (Wpera) adsorbed onto the support was
determined as follows:

(ﬂmetal,initial - ﬁmetal,final )
M meta*CSA

Imetal =

Vsolution

Wmetal = (ﬁmetalinitial _ﬁmetalﬁﬁnal) :
Meatalyst, total

here, Bmetal,initial A0d Bmetal finar [ L '] are the initial and final
concentrations of metal in solution. Myce [g mol™] is the
molar mass of the metal, Voution [L] the volume of precursor
solution and Mcaaiysecoral [g] the total weight of the catalyst
sample. The dried catalyst was compacted with a hydraulic
press using a pressing force of 5 t m™ and sieved to a grain-
size fraction of 224-400 pum.
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Characterization

To determine the specific surface area of the supports,
nitrogen physisorption was performed at 77 K using a
Quantachrome NovaWin. The samples were degassed at 230
°C for 20 h before measurement. The surface area was
quantified using the model of Brunauer-Emmett-Teller
(BET). To address the nature of the metal complexes in the
precursor solutions, UV-vis spectroscopy was applied using a
Specord S600 (AnalytikJena). For qualitative determination of
the silver and copper complexes, a concentrated AgDA
solution (1500 ppm) and a CuTA solution (200 ppm) was
used, respectively.

Powder X-ray diffraction (XRD) measurements were
performed with an XPert PRO PANalytical (Malvern
Panalytical) using Cu Ko radiation (1 = 0.15418 nm). All
samples were scanned for 40 min between 10° and 80° (26).
Particle sizes were estimated with the Scherrer equation
using a shape factor of 0.9. Scanning electron microscopy
(SEM) was performed using a Zeiss GeminiSEM 500 equipped
with a Schottky field emission cathode. For imaging,
secondary electron detectors (Everhardt-Thornley, Inlens) and
back-scattering electron detectors were used. For energy-
dispersive X-ray spectroscopy (EDX), an Oxford X-Max System
with 80 m? of active crystal area was used. Transmission
electron spectroscopy (TEM) and scanning transmission
electron microscopy (STEM) were performed at the FEI
Tecnai  Osiris ChemieSTEMTM electron microscope
(Laboratory for Electron Microscopy, KIT), equipped with a
high-angle annular dark field (HAADF) detector (200 kV).
Samples were prepared by grinding the catalyst und
suspending it in distilled water. One drop of the suspension
was put onto a carbon-coated gold grid and dried. Element
distributions were determined by EDX.

Catalytic testing

The catalytic tests were carried out in an electrically heated,
continuous flow reactor with a heated length of 30 cm at
temperatures between 500 °C and 650 °C and at ambient
pressure. The reactor tube was made from quartz glass with
an inner diameter of one centimeter. In all experiments the
catalyst bed height was kept constant at 0.1 cm
corresponding to an amount of 0.035 g for TiO,, 0.028 g for
SiO, and 0.1 g for ZrO, supported catalysts. The differences
in amount resulted from the different densities of the
support materials. Keeping the catalyst bed height constant
is critical to ensure comparable reaction conditions in
catalytic testing of methanol ODH. At the entrance on top of
the catalyst bed, the reactor was filled with quartz glass
spheres for improved heat transport properties. The
temperature at the catalyst bed was measured with a type K
thermocouple inside a closed quartz glass tube. Prior to
catalytic testing, the catalysts were calcined in the flow
reactor. First, the catalysts were heated in synthetic air (0.5
Lsrp min~", 15 °C min™") up to 575 °C. Then, the temperature
was kept constant for 15 minutes. Similar procedures have

Catal. Sci. Technol., 2023, 13, 2349-2359 | 2351
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been previously reported for other catalysts on methanol
ODH.'®'” The reaction temperature was approached with a
heating ramp of 15 °C min™" under a flow of 0.5 Lgrp min™"
nitrogen. To study the influence of the reaction temperature
on conversion and selectivity, the temperature was stepwise
increased every hour by 25 °C until a temperature of 600-650
°C was reached. Prior to these experiments, all samples were
kept for 8 hours at 500 °C to achieve steady-state activity
under constant reaction conditions (i.e., 2.5% methanol,
1.0% oxygen, 1 Lgrp min~" total flow rate). Synthetic air and
nitrogen were dosed using thermal mass flow controllers and
mixed with methanol dosed via a coriolis mass flow
controller and evaporated in a direct evaporation device (all
Bronkhorst). The gas-phase was analyzed using a two-module
gas chromatograph (MicroGC Fusion, Inficon) with helium
and argon as permanent gases and equipped with thermal
conductivity detectors. GC measurements were repeated four
times and the average values were used for evaluation.
Experiments were evaluated by calculating the reactant
conversions and product selectivities as follows:

N o =N
Xi _ L,(? i
Nip
Nj _Nj,o . YMeOH

S; == :
7 Numeono ~Numeon Vi

where X and S are the conversion and selectivity, respectively.

N, [mol s7'] is the molar flow rate of the component entering
the reactor, N [mol s™'] the molar flow rate after reaction and
v the corresponding stoichiometric coefficient. Product
selectivities were calculated as a function of the amount of
methanol consumed.

Results and discussion

The support material needs to be stable at the high reaction
temperatures and its activity in the reaction should be limited.
Based on these considerations, silica, titania and zirconia were
chosen as support materials in this study. The specific surface
areas of the support materials determined by nitrogen
physisorption were 194 m* g* for SiO,, 47 m* g* for TiO, and
5 m” g " in case of ZrO,, which was in good agreement with
those reported previously.***>®" The SEM images of the
supports (Fig. 1A1 to A3) indicated an increasing size of the
primary support particles from SiO, over TiO, to ZrO, which
was consistent with the decreasing specific surface area. The pH
values at the PZC measured by pH shift experiments
(Fig. 1B1 to B3) were 5.9 for silica, 3.7 for titania and 4.6 for
zirconia and thus, within the acidic regime and suitable for
adsorption of positively charged metal complexes via SEA under
moderate conditions (for further information see ESIt (S2.1)).

Synthesis of supported coinage-metal catalysts

The amount of metal precursor adsorbed during SEA
depends on the CSA, the precursor complex species at the pH
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Fig. 1 SEM images of support materials (Al: SiO,, A2: TiO,, A3: ZrO,)
and final pH value as function of initial pH value (B1: SiO,, B2: TiO,, B3:
ZrO,) in PZC determination.

value of adsorption (pH,gs) and the difference between pHpyc
and pH,qs. In all cases, the pH value of the solution during
adsorption was kept at approximately 11.5 to 11.6. Maxima in
metal uptake for the silver diammine complex have been
previously shown at a pH value of 10 on silica and 11.5 on
zirconia.** On silica, the maximum uptake for the copper
tetra ammine complex was at a pH value of 11.5.%% To identify
the metal complexes present in the precursor solution at the
respective pH value, UV-vis spectroscopy measurements were
performed. For the UV-vis spectra (ESI S2.2, Fig. S1) of the
AgDA solution, a band at 300 nm could be assigned to the
aqua complex ((Ag(H,0),)").** An absorption band was
expected at 400 nm for the (Ag(NH;),)" complex, but could
not be detected here. Kyriakidou and coworkers recorded the
molar fractions of both the aqua and diammine complexes
over a wide pH range.** Their results indicated that at pH
values above 9.5 the diammine complex was dominant and
the fraction of aqua complex was negligible for pH values
above 11. The UV-vis spectrum of the CuTA solution at pH
11.5 clearly showed a peak at 600 nm which could be
attributed to the (Cu(NH,),)*" complex.®®

Catalysts with different CSA, adsorption density and metal
weight fraction (Table 1) were prepared by SEA. For silver
catalysts with a CSA of 1000 m* L™, the adsorption density
was highest on titania and decreased to about a half for
zirconia and silica. This was consistent with the decrease in
pHpyc from silica (pHpzc = 5.9), zirconia (pHpzc = 4.6) to
titania (pHpzc = 3.7) and the increasing difference between
PHaas and pHpzc, which is known to influence the adsorption

This journal is © The Royal Society of Chemistry 2023
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Table 1 Summary of catalyst materials prepared in this study together
with CSA, adsorption densities and weight fractions of metals

Catalyst SEA sequences CSA/m> L™ Iye/umol m™>  wyee/%
Ag/SiO, 1 4000 0.28 0.58
1 2000 0.56 1.15
1 1000 0.74 1.53
1 500 0.93 1.90
2 500 1.67 3.43
3 500 1.87 3.86
Ag/TiO, 1 4000 0.45 0.23
1 2000 0.86 0.43
1 1000 1.69 0.85
1 500 2.97 1.49
2 500 4.91 2.47
Ag/ZrO, 1 1000 0.83 0.04
Cu/SiOo, 1 4000 0.66 0.80
1 2000 1.39 1.69
1 1000 1.92 2.32
1 500 2.68 3.19
2 500 5.26 6.27
3 500 6.64 7.96
Cu/TiO, 1 1000 2.89 0.86
Cu/Zro, 1 1000 2.84 0.09

density. Comparing the adsorption of silver and copper
species at a CSA of 1000 m> L™" showed that more copper
was adsorbed than silver. One reason for this behavior could
be the stronger ion potential of the (Cu(NH;),)** complex
compared to (Ag(NH;),)".>’° The CSA influenced the amount
of adsorbed metal. Reducing the CSA from 4000 m* L™ to
2000 m* L™ approximately doubled the adsorption density
for Ag/TiO,, Ag/SiO, and Cu/SiO,. In general, reducing the
CSA increased the metal uptake. This increase was initially
linear but with decreasing tendency for lower CSA. To further
increase the metal loading, the procedure was repeated up to
three times in a sequential SEA with the catalyst dried after
each SEA cycle. After two cycles of sequential SEA, the
adsorption density nearly doubled for Ag/TiO,, Ag/SiO, and
Cu/SiO,, while this increase was much less after the third
cycle, most probably due to surface saturation effects.

Catalyst characterization

Representative scanning transmission electron microscopy
high angle annular dark field (STEM-HAADF) images of the
as-prepared catalysts are presented in Fig. 2A-H (for
additional STEM-HAADF images, particle size distributions
and elemental maps see S2.3, Fig. S2-S4 in the ESIf). With
exception of silver and copper catalysts on zirconia, the
adsorbed metal complexes were readily apparent. TEM
images of the Ag/SiO, catalyst (Fig. 2A) showed adsorbates
with an average size of 8.1 nm and homogeneously dispersed
over the support material, which was in good agreement with
previous reports on Ag/SiO, catalysts.”’ For the Ag/SiO,
catalyst prepared by sequential SEA (Fig. 2B), the average
diameter was 9 nm, but the fraction of larger aggregates in
the range of 10 to 50 nm is readily apparent (Fig. 2B). Ag/
TiO, (Fig. 2C) consisted of homogeneously dispersed

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 STEM-HAADF images of the catalysts (A: Ag/SiO, 1000 m? L%,
B: Ag/SiO, 2 x 500 m? L™, C: Ag/TiO, 1000 m? L™, D: Ag/ZrO, 1000
m? L%, E: Cu/SiO, 1000 m? L™, F: Cu/SiO, 2 x 500 m? L™, G: Cu/TiO,
1000 m? L%, H: Cu/ZrO, 1000 m? LY.

adsorbates with smaller sizes (1-3 nm). Cu/SiO, (Fig. 2E)
indicated very small, well dispersed adsorbates (1.6 nm in
average), and no increase in adsorbate size was observed even
after sequential steps of SEA (2 nm in average) (Fig. 2F). The
adsorbates of the Cu/TiO, catalyst were smaller and only 1.5
nm in size (Fig. 2G). In case of Ag/ZrO, (Fig. 2D) and Cu/ZrO,
(Fig. 2H), hardly any adsorbates were detected by STEM-
HAADF imaging as a consequence of the very small aggregate
size, the high contrast of the ZrO, support and/or the very
low metal loading (Table 1). Elemental maps obtained from
STEM-EDX spectrum imaging of Cu/ZrO, (see ESI; S2.3, Fig.
S2B), revealed homogeneously dispersed Cu species with
sizes well below 2 nm. In general, the adsorption of the
copper complex seemed to result in smaller adsorbates and
more homogeneous distribution than the silver species.

Catal. Sci. Technol,, 2023,13, 2349-2359 | 2353
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Catalytic testing in oxidative dehydrogenation of methanol

Prior to the detailed catalytic testing, the systems were
checked for mass transfer limitations according to an
established, experimental procedure.”* The results indicated
that neither internal nor external mass transfer limitations
influenced the catalytic testing under the applied conditions.

To determine the principle reaction behavior, temperature
variation experiments were performed for all catalyst systems
with a CSA of 1000 m> L™'. Representative plots of educt
conversion and product selectivity as function of reaction
temperature are shown in Fig. 3. The product spectrum for
Ag/SiO, was in good agreement with the one observed for the
polycrystalline silver catalyst.">"*'®?” The measured products
were formaldehyde (FA), carbon monoxide (CO), carbon
dioxide (CO,), hydrogen (H,) and water (H,O). Methanol
conversion increased slightly with temperature and oxygen
conversion was complete above 600 °C. Up to a temperature
of 575 °C, the FA selectivity was close to 90%. The selectivity
to CO, was below 10% and decreased with temperature. At
higher temperatures, the thermal decomposition of FA
became more pronounced and more CO was produced
leading to a decrease in FA selectivity. As indicated
previously, CO formation proceeds via a gas-phase reaction
which is strongly dependent on temperature and residence
time of the gas-phase. The more pronounced CO formation

\

Conversion or Selectivity / %
Conversion or Selectivity / %

Conversion or Selectivity / %
Conversion or Selectivity / %

2 // g

—— A
|
500 550 50 650 500 550 60 650
Temperature / °C

Conversion or Selectivity / %

Conversion or Selectivity / %

0 \\
50 550 e
Temperature / °C
[-+—MeOH ——0,——FA——C0——C0,——H,——H,0 —e—CH, —~—DMg|

Fig. 3 Conversion and selectivity as function of temperature for Ag/
SiO; (A), Ag/TiO; (B), Ag/ZrO, (C), Cu/SiO, (D), Cu/TiO, (E) and Cu/
ZrO, (F) with CSA = 1000 m? L™ in all cases. Feed: 2.5% methanol and
1.0% oxygen in nitrogen, total flow rate: 1 Lstp min™, TOS: 8 h.
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was predominantly due to imperfect cooling and simplified
catalyst bed design compared to the optimized industrial
process. However, this did not affect the evaluation of the
catalyst system used in this study. The Ag/TiO, catalyst
showed a similar product spectrum except for traces of
dimethyl ether (DME), which disappeared at higher
temperatures. Methanol and oxygen conversion increased
steadily with temperature but were considerably lower
compared to the Ag/SiO, catalyst. It should be noted that the
molar Ag content of the catalyst bed was also slightly lower
in case of Ag/TiO,. The oxygen conversion showed a non-
linear increase above 600 °C which could be related to the
reaction of excess oxygen with hydrogen. This was also
confirmed by the increase of H,O selectivity above 600 °C.
The FA selectivity was increasing with temperature to a
maximum value of 75% around 575 °C but decreased above
600 °C again due to the thermal decomposition of FA.
Compared to Ag/SiO,, the selectivity to CO, was considerably
higher throughout the investigated temperatures and the
TiO, support material itself exhibited a distinct activity
towards FA. The Ag/ZrO, catalyst revealed a similar product
spectrum compared to the other silver catalysts but a quite
different temperature dependent behavior. The FA selectivity
was very low and no FA was produced at all above 550 °C.
The main product was CO with H, being more prominent
than H,O. This behavior was attributed to the activity of ZrO,
itself, which catalyzed the direct oxidation of methanol to CO
and H,, in agreement with previous studies. For example,
Bronkema and Bell identified CO and H, as major products
above 327 °C studying methanol oxidation over ZrO, with
temperature-programmed desorption.”> Other products were
CO, and H,0 but in smaller quantities. The catalytic activity
of the pure titania and zirconia support materials is shown
in Fig. S7 in the ESIT (S3.2).

For the silica-supported copper catalyst, FA, CO, CO,, H,
and H,O were determined as reaction products highlighting
the similar reaction mechanism to silver as proposed in
previous work.">*%*? The FA selectivity was close to 80% up
to temperatures of 575 °C. At higher temperatures thermal
decomposition intensified leading to increased CO
formation. Interestingly, CO formation by thermal
decomposition was less pronounced on Cu/SiO, compared to
Ag/SiO,. The selectivity towards CO, started with
approximately 20% at the lowest temperature and decreased
to around 10% at 650 °©C. This catalyst revealed a
performance comparable to the industrially applied copper
catalyst. In industrial application, a product ratio of FA to
CO, around 4:1 was reported with FA selectivities ranging
between 80 and 90%.*27* In experimental and theoretical
studies, stronger bonding strength of reaction intermediates
were attributed to the copper surface compared to the silver
surface for identical reaction conditions.’*’*”* This would
lead to longer surface residence times on copper and thus
increased the extent of consecutive CO, formation. The
oxygen conversion was complete over the entire temperature
range. The methanol conversion increased slightly with

This journal is © The Royal Society of Chemistry 2023
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temperature but was generally lower than for the Ag/SiO,
catalyst although the overall Cu loading in the reactor was
higher. The selectivity to H, was slightly higher on the Cu/
SiO, catalyst. The Cu/TiO, catalyst showed pronounced
differences compared to the Ag/TiO, and Cu/SiO, systems.
CO, and CO formation was favored over FA formation with
CO, selectivity decreasing and CO selectivity increasing with
temperature. The H, selectivity was between 50 and 60%
indicating a different catalytic behavior compared to Ag/TiO,
and Cu/SiO,. An additional catalytic path similar to the
activity of zirconia towards CO formation could be present.
Since the product spectra determined for Ag/TiO, and Cu/
SiO, did not show substantial differences, neither the choice
of the active metal copper nor the selection of titania as
support material alone could explain this difference in
catalytic behavior. Specific metal support interactions or the
particle perimeter could play an important role here. Since
the activity towards the target product FA was very low, no
effort was made in this study to further characterize the
performance of this system. The zirconia supported copper
catalyst showed a very similar behavior compared to the
respective silver catalyst, but exhibited higher conversions
and CO, selectivity. Here also, activity of zirconia resulted in
methanol oxidation to CO and H,. The selectivity towards FA
is in the same low range as for Ag/ZrO, and thus, zirconia-
based catalysts were not considered in any further catalytic
studies here.

To classify the stability of the prepared catalysts under
reaction conditions, long-term experiments were performed.
All catalysts were tested for approximately 400 min TOS in a
stream of 2.5% methanol and 1.0% oxygen in nitrogen with a
total flow of 1 Lgpp min ' at 575 °C. Representative diagrams
of conversion and selectivity versus TOS are given in Fig. 4
(for stability tests of all other systems see S2.4, Fig. S5 in the
ESIt). All catalysts reached steady-state conversion and
selectivity after an initial period. The product spectra revealed
no significant differences compared to results obtained from
temperature-dependent experiments. The Ag/SiO, catalyst
(Fig. 4A) reached steady-state after 200 min with a FA
selectivity of 86% and a methanol conversion of 76%. The
catalyst with higher silver loadings prepared by sequential
SEA (Fig. 4B) showed a very similar performance with
approximately the same FA selectivity and methanol
conversion. Silver supported on titania (Fig. 4C) also showed
a steady performance with methanol conversions around
70% and FA selectivities of 75%. Interestingly, the oxygen
conversion decreased to some extent with TOS although the
methanol conversion remained constant. As indicated by
slightly increasing H, selectivity and decreasing H,O
selectivity, this could be related to a reduction in hydrogen
oxidation. For the Cu/SiO, catalysts, a more pronounced
change of conversions and selectivities during an initial
phase was observed. The Cu/SiO, catalyst prepared by single
SEA (Fig. 4D) reached steady-state after 250 min with a FA
selectivity of 76% and methanol conversion of 71%. The
preparation of Cu/SiO, catalysts via sequential SEA (Fig. 4E)

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Conversion and selectivity in methanol ODH as function of TOS
for Ag/SiO, 1000 m? L™ (A), Ag/SiO, 3 x 500 m? L™ (B), Ag/TiO, 1000
m? L™ (C), Cu/SiO, 1000 m? L™ (D), Cu/SiO, 3 x 500 m? L™ (E), Cu/
TiO, 1000 m? L™ (F). Feed: 2.5% methanol and 1.0% oxygen in
nitrogen, total flow rate: 1 Lstp min™%, reaction temperature: 575 °C.

prolonged the initial phase to 300 min but with similar
catalytic properties. Copper supported on titania (Fig. 4F)
reached steady operation but with a reduced selectivity to FA
as compared to the silica supported systems. Formation of
CO and CO, was favored. The activity was slightly higher than
that of the pure support material.

All catalysts exhibited a stable catalytic behavior after seven
hours TOS with the highest methanol conversion and FA
selectivity observed for the silica-supported catalysts. Therefore,
Ag/SiO, and Cu/SiO, catalysts were chosen for further
comparison of silver and copper species in methanol ODH to
formaldehyde and their behavior was investigated in more
detail at industrially more relevant feed conditions. In this
context, Ag/SiO, and Cu/SiO, systems with different metal
loadings were tested at different methanol feed concentrations.
The feed was varied between 2.2 and 13.1% of methanol, with a
ratio of methanol to oxygen close to 2.4 and a total flow rate of
1 Lgrp min* at a reaction temperature of 575 °C. The results
determined for the Ag/SiO, catalysts (Fig. 5, left diagram)
indicated complete oxygen conversion except for low silver
loadings. There is a considerable increase in average methanol
conversion with increasing silver loading (74.3% at 0.58 wt%
Ag, 78.7% at 1.53 wt% Ag, 80.7% at 3.43 wt% Ag and 81.6% at
3.86 wt% Ag). Higher silver loadings appeared to increase
methanol conversion although oxygen conversion is already
complete. It is widely accepted that the decomposition of
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methoxy species without oxygen leads to formaldehyde by
abstraction of a hydrogen atom.'>'®'®'% This step takes place
in parallel to the reaction of methoxy with oxygen to FA and OH
species. In general, the presence of different oxygen species
typically denoted O, Op and O, have been reported'*'*?%>%27:3¢
where O, and Og are surface and bulk oxygen species,
respectively. O, forms via re-diffusion of Og onto specific surface
sites. Both O, and O, react in the initial step of methoxy
formation under abstraction of OH species, but only O, tends
to play a role in further oxidation steps like FA or CO,
formation.'®'7'9?° Therefore, an increase of the relative
amount of O, compared to O,, could increase the probability of
methoxy species decomposition. This would lead directly to an
increase in methanol conversion since the additional O, could
still react with methanol. As a side effect, the selectivity towards
H, should increase due to increased recombination of hydrogen
atoms. Indeed, the observed increase in methanol conversion
was accompanied by an increase in H, selectivity, while the
selectivity to H,O decreased accordingly (Fig. S8 in the ESI}).
Since the CO selectivity did not reveal a comparable trend, FA
decomposition was not the origin of the additional H,
formation. Therefore, hydrogen was formed in the catalytic
reaction. For the Ag/SiO, catalysts, the metal loading clearly
influenced the catalytic reaction, both in terms of methanol
conversion and H, selectivity. This is also shown for a series of
catalytic tests for Ag/SiO, catalysts with a silver loading of 0.58,
1.15, 1.53, 3.43 and 3.86 wt% for 2.2 mol%, 2.6 mol% and 3.7
mol% methanol in the feed in Fig. S9 in the ESLT
demonstrating the reproducibility of the observed trends in
methanol conversion and hydrogen selectivity over silver
loading of the catalyst. As discussed, a change in relative
proportion of the two relevant oxygen species considered
responsible for methanol conversion could explain the
experimentally observed trends. Formation of Og depends on
the oxygen solubility in bulk silver and thus on the size of the
silver particles. Based on TEM analysis, the particle sizes
increase with the silver loading from 1.53 wt% Ag to 3.43 wt%
Ag in the Ag/SiO, catalysts (see ESLj S2.3, Fig. S4). In general,
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an increase in particle size would be expected for increasing
silver loading of the catalysts, however, this will be a subject of
future investigations. Above 4.4% methanol in the feed stream
(see Fig. 5), the FA selectivity decreased for all weight loadings
of silver, while CO formation increased correspondingly. Higher
methanol loadings generally lead to increased temperatures
close to the catalyst surface since more methanol was converted
in absolute numbers. Increased local temperatures were
probably the cause for a more pronounced CO formation.
Interestingly, the decrease in FA selectivity was lower for higher
silver loadings, probably related to lower surface temperatures
as indicated also by lower CO selectivities.

For the Cu/SiO, catalysts (Fig. 5, right diagram), the
oxygen conversion was complete in all cases and the
methanol conversion remained constant up to methanol feed
concentrations of 13.1%. As for the silver catalyst, the
selectivity to FA decreased above 4.4% methanol in the feed
stream and CO selectivity increased. It is remarkable that the
decline in FA selectivity was by far not as large as for the
corresponding silver catalysts over the whole range of metal
weight loading. For the copper catalyst, the difference in FA
selectivity at low and high methanol loadings was reduced
with increasing copper loading. For the catalyst with 7.96
wt% Cu the FA selectivity was nearly constant around 75%
for varying methanol concentration. Comparing the silver
and copper catalysts for varying ~methanol feed
concentrations, no significant difference in average methanol
conversion was found (Ag/SiO,: 78.8% and Cu/SiO,: 76.8%).
Consistent with the previous results (Fig. 4), the silver
catalysts exhibited a higher FA selectivity as the copper
catalysts for low methanol feeds. With increasing methanol
loading, the FA selectivity dropped significantly for Ag/SiO,,
while this decrease was less pronounced for Cu/SiO, resulting
in a higher FA selectivity (e.g. at 13.1% methanol feed
concentration). Additionally, the reduction in selectivity
became smaller with increasing copper loading leading to
nearly constant FA selectivities for 7.96 wt% Cu at all applied
methanol concentrations.

This journal is © The Royal Society of Chemistry 2023
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Overall, this behavior illustrates that silica-supported
silver catalysts exhibit higher activity towards the target
product at low methanol feed concentrations but the
performance of copper-based catalysts can be favorable for
larger methanol fractions. In this context, the catalyst
performance may be further improved by silica support
materials with smaller specific surface areas. As already
discussed, decomposition of FA to CO is strongly dependent
on temperature and residence time. Smaller surface areas
reduce the residence time within the interparticle pores of
the support material and thus limit the thermal
decomposition. In this manner, FA selectivities comparable
to reported industrial values could also be reached for higher
methanol feed concentrations.

Characterization of catalysts after reaction

The catalysts were also characterized by electron microscopy
and XRD after the catalytic experiments. Representative STEM-
HAADF images of the catalysts after reaction (6 h TOS) are
shown in Fig. 6 for Ag/SiO, (A) and Cu/SiO, (B) (for additional
TEM images and particle size distributions see $2.3, Fig. S3
and S4 in the ESIT). The silica-supported Ag particles after the
catalytic reaction were rather polydisperse and in the range of 2
nm to 40 nm with an average size of 9.3 nm (with 49% of
particles larger than 8 nm). Dynamic restructuring of
polycrystalline silver surfaces has been reported at reaction
conditions of methanol ODH.'/**?%2%75 A combination of
thermal and oxygen-induced restructuring of the silver surface
was suggested to occur under typical operation conditions.>”
For the Cu/SiO, catalyst, the size distribution of Cu-based
particles was more narrow with an average size of 4 nm (with
only 1% larger than 8 nm) and thus smaller than the respective
silver catalyst. In general, a different sintering behavior of silver
and copper catalysts under conditions of methanol ODH is
expected as a consequence of the different melting points

Fig. 6 STEM-HAADF images of the catalysts after catalytic reaction
(Al and A2: AgSiO, 1000 m? L™, B1 and B2: CuSiO, 1000 m? L™%).

This journal is © The Royal Society of Chemistry 2023
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(1085 °C for copper, 962 °C for silver) and interactions with the
support material.

The X-ray diffraction patterns after catalytic reaction are
displayed in Fig. 7 for Ag/SiO, (A2), Cu/SiO, (A3) and Ag/TiO,
(B2) (for XRD patterns of the Ag/ZrO,, Cu/ZrO, and Cu/TiO,
catalysts after reaction see Fig. S10 in the ESIt{). The pure
silica support (A1) revealed a very broad reflection at around
20° (26) which was characteristic for its amorphous structure.
The titania support (B1) revealed the reflections of the
anatase and rutile phase (ICDD PDF number: 98-002-4276
and 98-006-4987). The diffraction pattern measured for Ag/
TiO, showed the reflections of the Ag phase at 39°, 43°, 65°
and 77° (260) (ICDD PDF number: 98-005-3761). In addition to
the silver reflections, larger intensities of the reflections at
28°, 37°, 42°, 54°, 57° and 69° (26) indicated a partial phase
transformation to the rutile phase. Similar to Ag/TiO,, the
diffraction pattern of Ag/SiO, indicated additional reflections
at 39°, 43°, 65° and 77° (26) corresponding to the silver
particles. For the Cu/SiO, catalysts, reflections at 36°, 38° and
66° (26) were observed, which could be assigned to a CuO
phase (ICDD PDF number: 98-008-7125). However, CuO was
most likely not stable under conditions of methanol ODH
and metallic Cu was formed at 575 °C (methanol-to-oxygen
ratio of 2.5). The reduction of copper oxides to metallic
copper under conditions of the silver process was previously
shown by in situ X-ray diffraction for different gas-phase
compositions of methanol and oxygen.*® Metallic copper was
formed above 127 °C (100% methanol), 427 °C to 527 °C (1:1
methanol/oxygen) and 677 °C (100% oxygen). Copper(i) oxide
observed in the XRD diagrams most probably originates from
contact with excess air after the actual catalytic tests. Similar
to the silver-oxygen system, a dynamic equilibrium between
gas-phase oxygen and oxygen species located on the Cu
surface or in the bulk, is formed, and dynamic restructuring
of copper surfaces was also reported under methanol
oxidation conditions.*®*® For the catalytic tests in this study,
a steady-state is reached after an initial phase and no further
deactivation of Ag/SiO, and Cu/SiO, catalysts took place after
400° min TOS. Therefore, even if surface restructuring may
be not in a steady state, it does not influence the catalytic
activity and stability. Based on XRD analysis after the catalytic

* CuO|
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Fig. 7 XRD patterns of Ag and Cu catalysts after the catalytic reaction
(after 7 h TOS at 575 °C). Silica supported catalysts (A: SiO, (1), Ag/SiO,
3 x 500 m? L (2), Cu/SiO, 3 x 500 m? L™ (3)); titania-supported
catalyst (B: TiO, (P25) (1), Ag/TiO, 2 x 500 m? L™ (2)).
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testing, the crystallite sizes were calculated using the Scherrer
equation. The crystallite sizes of the metal particles after the
catalytic tests were 36 nm for Ag/SiO, (3 x 500 m* L"), 30 nm
for Ag/TiO, (2 x 500 m* L™") and 4 nm for Cu/SiO, (3 x 500
m?* L") and in good agreement with the trends observed by
TEM analysis. As compared to the silver catalysts, the copper
catalysts revealed smaller initial adsorbate sizes and retained
a small metal particle size after the catalytic tests.

Conclusion

A series of silver and copper catalysts on SiO,, TiO, and ZrO,
(i.e. Ag/SiO,, Ag/TiO,, Ag/ZrO,, Cu/SiO,, Cu/TiO, and Cu/
ZrO,) was prepared using SEA of the ammine complexes.
This approach yielded small metal species homogeneously
dispersed over the support materials. Thereby, adsorption of
copper complexes tended to form smaller surface species
compared to silver complexes and surface species tended to
be smaller on titanium dioxide than on silica. By applying
sequential steps of SEA, higher metal loadings up to 3.86%
and 7.96% were achieved for Ag and Cu catalysts,
respectively. Ag/SiO, and Cu/SiO, showed a good
performance in the methanol ODH to formaldehyde with a
product spectrum similar to previously reported product
spectra. Ag/TiO, demonstrated a good selectivity towards FA
with titania itself catalyzing the reaction. The Cu/TiO,
catalyst revealed remarkable differences with only limited FA
selectivity, probably influenced by metal-support interactions
in this case. The zirconia-based catalysts formed selectively
H, and CO due to the ZrO, activity itself but revealed no
selectivity towards FA. All catalyst systems exhibited a stable
activity after seven hours TOS during catalytic testing. Based
on these results, Ag/SiO, and Cu/SiO, were chosen as
reference catalysts for methanol ODH and their performance
was tested at more industrially relevant feed conditions. For
low methanol concentration in the feed, the silver catalysts
exhibited higher formaldehyde yields compared to the copper
catalysts. At higher methanol concentrations the Cu/SiO,
catalyst showed a higher formaldehyde yield than the Ag/SiO,
catalyst. Therefore, the relative performance of silver
compared to copper in methanol ODH depends on the
applied reaction conditions. With respect to the optimized
bulk silver catalysts applied industrially, a detailed evaluation
of relative performance compared to bulk copper catalysts
exhibiting similar properties might lead to further insights.
Both silver and copper catalysts reached constant conversion
after distinct TOS suggesting that a steady-state of surface
restructuring and catalytic activity was established.
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