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ABSTRACT

The changing hierarchical structure of the applederogeneous Cu/ZnO/&); material
during methanol synthesis reactions hinders arncieffi engineered process condition
optimization, causing sub-optimal functional pem@nce. A robust literature comparison is
conducted to determine that activity is tightly ptad with Cu—Zn interactions. In order to
investigate this physical behaviour further, cheeastic experimental data is acquired
through the catalytic reactor tests with an acéislatommercial catalyst, aged at different
input measurements, monitored and characterizetdebBrunauer—Emmett-Teller (BET), X-
ray diffraction (XRD), scanning transmission eleotrmicroscopy (STEM) with energy
dispersive X-ray spectroscopy (EDS), X-ray photcieta: spectroscopy (XPS),.Hransient
adsorption (TA) and pD pulsed surface oxidation (PSO) methodologiess Ehown that
apparent rate law, exponents and activation erepenot vary significantly by increasing
the ZnQ coverage from 7% to 23%, while not all of Zn@ver-layer is catalytically active.
For Cu/ZznO/A}O3; with ZnOx over 7%, a highly-dispersed A); decreases the measured
intrinsic kinetics of the Cu—Zn site, implying a8t hindrance effect. Finally, building on
unveiled chemical relations, a thorough multisisstem micro-kinetic model, based on
systematic contribution analysis, mechanisms andntipative density functional theory
(DFT) constants is developed. Values were optimusgidg the sequential screening results
for an industrially relevant application (the temgiares of 160-260 °C, 50 bar pressure,
12,000—200,000 1 gas hourly space velocity (GHSV) flow and relatiged compositions).
Designed mathematical relationships can therefareutilised to accurately predict the

turnover, selectivity and stability/deactivationdorrespondence to Zn@ver Cu.
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1. Introduction

In the recent decades, the global concentrationggreEnhouse gases have increased
significantly, posing a serious threat to the hursaciety. The major actors in this regard are
CH4 and CQ, and unfortunately their emissions don’t seemdaléclining. On the contrary,

as the population grows and humanities’ energy sieeel increasing, it would seem naive to
expect the emissions to significantly drop in treamfuture. For this reason, appropriate
technologies for the capture and utilization of émeitted gases, either at the source or from
the atmosphere, are highly sought-after, and thasebeen a significant increase in research
focus related to them. Catalytic conversion of carldioxide into value added products is an
example of such a promising technology. Specifyjcaiiethanol synthesis can be incorporated
as a tool for utilization of C@emissions on a large scale,[1] in particular, bjg renewable

or surplus electricity for hydrogen generation.

The methanol synthesis reaction is generally peréar at high pressures (>20 bar) and
moderate temperatures (180-300 °C), due to theanetlbeing thermodynamically favorited
at these conditions. As with most industrially velet gas-phase processes, methanol
hydrogenation requires a catalyst to achieve sdfficefficiency. Different metal-based
catalysts were studied for this process, includidg[2], Pd[3] and Au[4]. The most
appropriate seem to be catalysts derived from th&n@l system (Cu/ZnO/AlDs3) due to its
welcome combination of low price, high activity ahtjh stability at the aforementioned
conditions. That's why the CuZnAl catalyst is usedthe typical commercial methanol
synthesis plant. CuZnAl has been extensively studig investigation of catalyst synthesis
methods[5-12], model catalytic systems[13—-18] ativhaced characterization methods[19—
22]. Ab initio methods were applied to extend the knowledge alibet reaction

mechanism.[13,23-29] Furthermore, selectivity tav@0O, MeOH, CH or even EtOH can



be extracted from scaling relations of binding gres of intermediates to select optimal

catalytic system for the direct conversion of CO,§] or CQ.[32]

Efficient optimization or modification of the prog® is achieved on the basis of detailed
understanding of the interaction between catalystermal and reaction species. In particular
for the CuZnAl case, the intimate contact of Cu Zn@® phases is responsible for the major
part of methanol synthesis. The most linear retetiip between measured number of active
sites and activity is achieved by usingONdecomposition methods, where we measure not
only surface copper sites but also partially redugeO. Cu/ZnO catalysts can form the Cu-
Zn alloy during exposure to reductive conditionsh@ugh the exact structure of actively
present Zn during catalysis is still debatable.[IB¢ condition-sensitive nature of the Cu-Zn
contact is responsible for the growth of separate &hd ZnO regions in oxidative
environment[33,34] and an increase in Cu-Zn contader reductive conditions[20,35].
Long-term exposure of the catalyst to the reaatimmditions leads to ZnQoverlapping over
Cu NPs, causing partial deactivation.[21,36] Thavdg for methanol synthesis increases
with increasing Zn coverage over Cu to a pointjdetified by testing Zn decorated Cu
single crystal planes[13,14] and industrial CuZmatalyst.[37] The amount of Zn in close
contact with copper atoms on the surface is theeeda important factor and is pointing to the
synergy of the system between the ability of thepBase to activate +and of the Zn phase
to increase the stability of reaction intermediaiad promote the subsequent hydrogenation

to produce methanol.

In present work, we focus on the identificationraportant parameters affecting the catalytic
activity of commercial CuZnAl catalysts by meansstfucture (and composition)-activity
relations connecting the catalyst’s features withctions. The behaviour of catalysts with
different ZnQx morphologies, prepared by exposing them to diffegas compositions and

investigated in detail in our previous work,[33]csmpared and used to prepare an adequate



model for practical applications. Furthermore, theltisite microkinetic model, defined by
integrating the structure-activity relationshipgiwihe reaction mechanism obtained fraim

initio calculations, is refined using the results of stdal CuZnAl catalysts and validated by
comparing its output with the results of Zn coveragriation experiments and published

catalytic tests at various conditions, indicatinggh predictive power.

2. Methods

2.1.Experimental

2.1.1.Materials

The catalytic material used was a commercial CuZeehlyst (HiFuel W230, Alfa Aesar)
with particle size between 240 and 4080. The catalyst contained 50.2 wt % of CuO, 30.8 wt
% of ZnO, and 18.7 wt% of ADs; and graphite as a binder. The CuZnAl catalyst aged
and extensively characterized in our previous W88.Aging was performed in various gas
compositions including pureHH,/CO, mixture at low, medium and equilibrium conversion,
H,/H,0O mixture and H/CO,/H,O mixture. The gases used for catalytic testingeweire H

(99.999%, Messer), C099.999%, Messer) and CO (99.999%, Messer).

2.1.2.Catalytic reaction testing

In this work we performed two sets of catalytictiteg. The first was used to compare the
activity trends of the samples with low Zn coverdgd, aged at low conversion[33]) and

high Zn coverage (R3, aged at equilibrium conver&§8]). To obtain apparent reaction

orders and apparent activation of relevant reastemergies for both samples, we varied inlet
gas composition (at 240°C, 20 bar) and tempergatrene gas composition). The catalytic
tests were performed in a parallel packed bed oeaeith tube diameter 6.35 mm, connected

via heated line to gas chromatograph (Agilent 496réGC, TCD detectors equipped with



CP-Molsieve and PoraPlot U columns.). Various gampositions were attained by mixing

the aforementioned pure gases.

The second set is a conditions screening for thdefliog purposes. Before the testing, the
CuZnAl catalyst was reduced at 300 °C for 12 h a1 bar and aged at 260 °C, 50 bar,
H,/CO,=3 for 12 h, at equilibrium conversion to obtaialde and consistently active catalyst
with high Zn coverage to imitate catalyst in lomgmdt methanol synthesis campaign (sample
designated as R9). Catalytic testing was perforiated high pressure of 50 bar using 57
different sets of conditions varying in temperat(té0 °C-260 °C), inlet gas compositions
(various ratios of Bl CO, and CO), and three different gas flow rates. Tdiaet of the
reaction conditions can be found in Supporting fimfation, Table S1. Additionally, various
tests with different catalyst particle sizes anifiedent flow rates were conducted to show the
absence of any mass transport limitations. Isothermeactor behaviour was also
demonstrated by measuring the temperature at eliffgroints the catalyst bed. These results

are included and discussed in Supporting Informat@hapter S11.

2.1.3.Characterization

N>O pulse chemisorption was performed using MicrotimsriAutochem 11 2920 with 100 mg
of catalyst sample. Firstly, the samples were plirge 5% H/Ar at 240 °C for 30 min,
followed by NO pulse chemisorption at 50 °C. The(Ngas (Messer) decomposition was
monitored with a daily calibrated mass spectromBfeiffer Vacuum Thermostar (m/z = 28
and 30). The method is used to measure the nuniléar surface atoms and was validated by
H, transient adsorption.[33] The catalysts samples-RR) were previously analysed by
XRD, H, transient adsorption, STEM, XPS; physisorption which are described in detail in

our previous study.[33]



2.2.Theoretical methods

2.2.1.Multisite microkinetic modelling

The reaction model was based on DFT reaction ratestants by Kattel et al.[13] for
Zn/Cu(211) surface and the measured kinetics phadisorption and desorption on Cu.[38]
The full reaction network is included in Supportimformation, Table S2. The reaction rate
for each pathway and the total species consumptometation were computed as shown in

equations 1 and 2.

1 1
Si S
h = kforward 1_[ 0; I kreverse 1_[ Hj Jareverse (1)
i=1 j=1
d6 -
i
dt =R; = Z(_Si,n,forward + Si,n,reverse)rn (2)
n=1

In equations 1 and 2, is the rate of the-th reaction kiorward @aNdkeverse are the forward and
reverse reaction rate constants,is the surface coverage of specieg¢dimensionless),
Shfoward @Nd S nreverse @re the stoichiometric amounts of the speciehénreaction] andN

are the number of species and reactions, respbctive

For the reactor transport model, two different miedeere compared: Ideally mixed
continuous stirred-tank reactor (CSTR) model analug flow reactor (PFR) model which
included both convective and dispersive (molecdi#iusion) mass transport. The overall

mass balance equations for both reactor typeshangrsbelow (Eq. 3 and 4).

dC; Vg 11—«
CSTR: d—tl = %(Ci,mlet —C)+C — R (3)
aCl' aCl DiazCl- *1—5

PFR: —i=_qy L%
ot %% gx T T ox2

+C

R; (4)



In equations 3 and 4,andx represent the temporal and lateral dimensionh@fréactor,
respectively, while denote the speciegy is the superficial gas velocity in the axial (lémg
wise) direction of the reactok, is the reactor lengtl; andC; « are the gas phase and inlet
concentrations of speciesR, is the sum of all reaction terms for spegid3; is the diffusivity

of speciesi, 7 is the tortuosity factor with the assumed valueld, as seen often in
literature[39,40], andt is the void fraction assumed to be 0.4.[39,4D] is the total

concentration of active sites per volume of thalyat.

As the calculated Péclet number was approximatddy bur system, it would seem the axial
diffusion would provide adequate mixing for any axgradient to be negligible. This was
confirmed by comparing the reactor models in thegeaof operating conditions, as seen in
Supporting information (Section 8), which yieldedanly identical results. Therefore, the
CSTR model was used for all the modelling in thiglg in order to achieve faster computing
times. Furthermore, both intra- and extra-partoless transport limitations were neglected in
the model. This was previously confirmed by caltaless for our testing rig for methanol
synthesis.[41] Furthermore, we’ve conducted thohotggts for both types of mass transport
as well as for the isothermal behaviour of the t@a(Supporting Information, Chapter S11),

which prove that these simplifications can be agupli

All the reactor modelling, parameter optimizatiamdasensitivity analysis calculations were
performed using the CERRES software.[42] Othersaacdanodel development are discussed

in Section “3.2 Multisite microkinetic model defiimin”.



3. Results and discussion

3.1.Composition-activity relations

Typical methanol synthesis catalyst consists of Zuand Al forming different compounds,
depending on the preparation and treatment. Toirolth@ knowledge about structural and
compositional effect in a holistic manner we firsiview turnover frequencies (TOF) of
catalyst activities with different compositions ZoyAl,Siix.y.) for MeOH synthesis and
present them as TOF ratios (Table 1) between csaigported in each study.[5-7,9,10,43—
45] The comparison of TOF(MeOH) ratios between dampeported in a single study
provides maximally consistent results, robust irmke of the characterization conditions
changes between different works. Reaction temperaproximity to chemical equilibrium,
copper surface area determination and other relgpaiameters for TOF ratios calculations

can be found in Supporting Information, Table S3.

Table 1: The comparison of TOF ratios of Cu-Zn-Ak$stems obtained from different studies.

TOF (MeOH) ratio [/]

Source CuZn  CuZnAl CuAl  CuZnAl  CuZn  CuZnAl
CuSi CuSi CuSi CuAl CuAl CuZn
Van den Berg [5] 10 - - - - -
Fujitani et al.[6] 16-27 - - - - -
Gunther et al. [7] >10 - - - - -
Fujitani et al. [43] 4 34-45 2.7 1.3-1.6 1.5 0.97
Kurtz et al. [10] - - - 1.9-28 15-1.7 1.5
Saito et al. [44] 8.1 - 3 2.7 - -
Schumann et al.[9] - - - - - 1.3

Behrens et al.[45] - - - - - 0.95




Composition severely affects the activity as cansben from Table 1. The TOF ratios
between different studies also vary to some exfBatobtain a direct comparison between
intrinsic activities of all investigated catalystge performed a regression constrained by the
TOF ratios as an output. In this manner we presgnisic activities for MeOH synthesis of
all materials on the same scale. The averageveldlDF(MeOH) can be found in Figure 1.
Error bars represent the largest deviations of T&i6s from the average relative TOF value,
caused by different preparation, testing conditiand characterization methods. Additional
information about relative TOF(MeOH) and error lkatimation can be found in Supporting
Information, Section 4. In spite of different cotioins, we can still clearly observe that the

activity normalized to the copper surface increases following order:

CuSi<CuAl<CuZnr-CuZnAl.
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Figure 1: The overview of TOF relations obtained $gnthesis of MeOH from CZCO/H, mixtures between
200°C -260 °C. The error bars represents the ladgmsations from the ratio of optimized TOF.

Copper deposited on Sizatalyses the reaction very poorly.,®4 increases the relative
intrinsic activity between 1.6 to 6.7 times commhte pure copper (Cu/SED All of the
catalysts in this study were synthesized by coipitation of Cu and Al phases which means

that ALO; is finely dispersed over the Cu surface and carefore increase the activation of



C0..[43] The intrinsic activity of the bimetallic Cu/ZnOtedyst is larger by a factor of 3.5 to
22 compared to the activity of copper surface (€5 As evidenced by several studies, the
Cu-ZnO catalyst forms a Cu-Zn surface alloy, evabeh by STM, XRD and XPS
studies,[17,34,46] enabling high utilization of tb@pper phase due to good Cu-Zn contact.
The unit cell size of Cu crystallite found in Figu2 is also an evidence of the CuZn alloy. By
adding the complexity of the industrial catalysie wbserve that the copper surface of the
CuZnAl catalyst is 4-25 times more active than pcopper nanoparticles, although a 14%
higher average activity compared to copper on Gs4nsignificant. The most important role
of the AbO3; phase is that it acts as a refractory materiatiwseparates Cu and ZnO particles
and provides a high surface area catalyst.[10,38hét Zn coverage over Cu is obtained
using smaller ZnO NPs, and subsequently a highgarept TOF. Additionally, an increase in
absolute activity was observed previously when karabunts of Al was added, which was
caused by the doping of ZnO and the subsequenehigi coverage over Cu surface[9]. As
observed for the CuAl catalyst, the addition 0§@y also increases the activity of the copper
surface, although it can stabilize Zn in a formZofAl,O,, reducing the availability for the
reaction catalysis as in the case of Zn-silicatefsd seen from this overview, the CuZn
synergy and AlO; contribution play a highly significant role. Fuetimore, the activity is also

dependent on the phase structures and distribwtioich is covered in the next section.

3.2. Structure-activity relations

3.2.1.Cu/ZnO0O interphase or Zn/Cu as a model structure
Two types of CuZn model catalyst activities wenearged which present two extremes of Cu-

Zn contact; Cu/Zn0O(0001)[13,15] and an inverse lgstazn/Cu(111)[13,14]. Identification



of the appropriate system is crucial for the mianekc model definition. This is tackled

below by a description of Zn dynamic behaviour eathlytic tests.

Zn in CZA catalyst is in the form of ZnO after dalation. During reduction it can be partially
reduced and migrate over Cu[37]. After a long texposure to reaction conditions, the ZnO
forms an overlayer and decreases the activity.[B8fitionally, STM study observed
agglomeration of Zn deposited on Cu(11ll) after atah.[34] The catalyst's activity is
generally correlated by the quantity of the consditigd[10,47,48], which corresponds to the
copper surface and oxygen vacancies due to Zncsudtoms. The fact that a structure-
activity relation is observed is due to the samergatuction and similar catalyst morphology,
which could provide consistent Zn distribution ov€u NPs.[37] Normalization of the
catalyst's activity to purely copper surface doest mprovide such structure activity
correlations for CuZn catalysts, since Zn atomsaepcopper atoms on the surface[49] and
are also the sites which facilitate the conversibsurface-bound carbonaceous intermediates.
The changing nature of Zrdnorphology during a shift in environmental conaliis hinders

a more detailed knowledge about the active sitegtwis crucial for the selection of a model

structure.

In the work by Fujitani et al.[50] it was observby that adding ZnO/Si©to Cu/SiQ by
physical mixing, the catalyst becomes up to 4-timesxe active after reduction and the
activity stays the same after Zn/Sifd removed. The lattice constant of copper in@sakie

to incorporation of up to 13% Zn into Cu NPs, leadio brass formation. In our previous
work,[33] we modified a highly active CZA catalysy exposure to various gas mixtures and
observed that CO/MeOH causes ZnO overgrowth ovewkile H,O causes separate growth
of ZnO and Cu NPs. Copper unit cell size was aoldktily determined by the examination of
XRD diffractograms and presented as Zn contenturN@s using correlation [51](Figure 2).

We found out that after reduction at 300 °C/12 bét H), the Cu phase contains on the



average 8% of Zn in the Cu crystallite, while fentlaging in gas mixture with a high®/H.
ratio causes the migration of Zn to the surfacayiteg only 3% of Zn in Cu. The surface Zn is
stabilized by the Cuzn alloy found in oxidative e@omment[18] as well as by the reaction
intermediates in methanol synthesis.[14] The readtitermediates are unable to decrease the
Zn content inside the Cu NPs despite the fact thay stabilize it on the surface.,®l
promotes ZnO particle growth[33] and could increasability of surface Zn from the Cu
onto the ZnO phase, resulting in a Zn free coppdiase. CO and/or MeOH act in contrary
fashion; increasing the Cu-Zn contact causes Zmratan from ZnO to Cu.[33] The Zn
surface concentration on Cu therefore increasds pvibximity to the ZnO NPs due to two
competing processes during reaction conditions. guestion is whether a lower activity of
Zn sites with smaller number of neighbouring Curaacould be observed. If the activity of
separated Zn atoms with Cu atoms is indeed mudtehithan the activity of aggregated Zn

atoms, it is therefore more suitable to use Zn/Ci)las the model structure instead of

Cu/ZnO(0001).
9
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Figure 2: The Zn content in the bulk Cu NPs in def@mce of HO/H, ratio in the aging composition. The Cu
unit cell size of sample R6 is equal to 0.3632 ninilen0.3615 nm is the pure Cu unit cell size.



The activities of Cu/ZnO(0001)[13,15] and Zn/Cu(}[1B,14] model catalyst systems at 550
K, p(H2)=4.5 bar and p(Cg=0.5 bar are compared. Since the intrinsic aadiwiof CuzZn
catalysts are generally higher than those of Calysts by a factor of 10 (Figure 1), the active
sites are here normalized to Zn sites which areclose contact with Cu. This is
straightforward for the Zn/Cu(111) catalyst, wh&recoverage (5% coverage) is used, while
for the Cu/ZnO(0001) catalyst (10% Cu coverage)use the area fraction of single row Zn
atoms around Cu NPs. Study by Koplitz using STM[bflicated 1.5-2.5 nm Cu NPs for
10% Cu coverage on ZnO(0001). At those conditieta/ben 21-24% of the whole surface is
represented by the interphase between Zn and ti¥nO(0001) catalyst. The activities are
presented in Figure 3 (blue columns present theityahormalized to Zn sites, reference grey
columns present absolute activities). It is obsgétvat the Zn sites are 3.7 times more active
on Zn/Cu(111) than on Cu/ZnO(0001) at 550 K. Fer thference, the activity of Cu(111) at
the same conditions is significantly lower. Higheormalized activity of highly Cu-
coordinated Zn atoms and high Zn distribution o@er NPs points to the fact that Zn-Cu
patterns represent the most important active fsemethanol synthesis. Similar decrease of
activity normalized to Zn sites was also obserred commercial catalyst, as discussed in the
following section where it's also verified if theature (reaction orders, apparent activation

energy) of the active sites changes significantly.
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Figure 3: Comparison of model catalyst's MeOH att[¢3,18] to inspect an effect of Zn-Cu structurée

error bars represent the variation of Cu NP on D801) from 1.5 to 2.5 nm.

3.2.2.Does the behaviour of catalytic sites change sigiténtly with morphology
change?

The morphological implications on catalysis werenitified on two CuZnAl catalysts which
are relevant to the methanol synthesis; R4 (ageldvatconversion) and R3 (aged at eq.
conversion). The catalysts exhibit large differenae structure, particularly in the value of
ECSF, (exposed crystallite surface fraction of Cu) asesbed in our previous work.[33]
Firstly, we use ECSf to estimate the ZnOcoverage on the copper surface of R3 and R4.
The exposed Cu surface fraction is equal to 53%hécase of sample R4 and decreases
mainly due to ZnO overlaying to 37%. As a referemeeuse the amount of Zn in bulk Cu of
the sample after reduction (sample R7) which i&8ahd equalize it with the amount of Zn
on Cu at the ECSfz =52%. In this way, the calculated ZnOx coverageé.i®o and 23% for
the samples R4 and R3 respectively. The numbemn@k Aites was approximated by using

ZnOx coverage and concentration of Cu sites as showquation below (Eq. 5):



Zn0Ox coverage (5)

c =c
Znox = “CU 9 _ 7n0x coverage

A similar approach of Zn coverage estimation wasduBy Kuld et al. [37] which is here
upgraded to account for the sintering of coppetigdas. The catalysts with low (R4) and high
(R3) ZnG coverage were tested at differertd €0,/CO gas mixtures to obtain the reaction
rate coefficients and orders of reactions usingwagy law model. For each change in reaction
conditions, we performed a reaction step at stahdanditions 20 bar, #AC0O,=3, 240 °C for

2 h to minimize any effect of structural changetbe observed catalytic performance. All
catalytic activities were normalized to the averafjeactivities at standard conditions. The
overall activity decreased only by 1.8% for R3 &¥606 for R4 and the selectivity increased
only by 1.4% for R3 and 1.3% for R4 during thosstde meaning that the surface of the
samples did not change significantly. First, thefioents for CQ hydrogenation were
obtained for reverse gas shift reaction and metheymthesis by using the data of &8, gas
mixtures. Next, the coefficients for the reactidnGC® to MeOH were obtained by using the
data of CQ/CO/H, mixtures, while using the previously determinecefticients for CQ
hydrogenation. We found out that methanol is forrakaost exclusively from C£at 240 °C

on CuZnAl catalysts as can be observed by comp#hegalues of reaction rate coefficients
of the CQ to MeOH (6.310%, 3.810%) and CO to MeOH (0 and 8 B°) reactions. Due to a
decreased water production rate when a large d&racti CO was present, we also added the
water gas shift reaction and determined its caefits. In addition, the approach to
equilibrium[53] was calculated and determined thatas insignificant effect on apparent
reaction coefficient determination. All the comgans between experimental and model data
along with approach to equilibrium calculations d¢afound in Supporting Information in
Section 5. Intriguingly, all reactions could be rebbeld by the same reaction orders for both of
the catalysts with satisfactory accuracy despite thfferences in ZnO coverage and

morphology, pointing to the fact that there is mgn#icant difference in the supply of+br



CO, to the catalytic site for CO or MeOH formation.€ra is, however, a difference in the
reaction rate coefficients between the two catalyss expected due to different TOF
activities. Apparent activation energies decreaseghtly, although the changes in MeOH

synthesis are insignificant.

Table 2: Comparison of the apparent catalytic patars of catalysts with high and low Zp@overages.

k Ea
[mol/(mol Cusbaf™)]' [kJ/mol}

Reaction  Expression a b 710 930
R4-7.1% R3-23% RA-71% R3-23%

ZnOx ZnOx

cov. cov. ZnOx cov. ZnOx cov.
CO; to ! i
MSZOH kpeo,®pu,”  0.057 1.2 6.30° 3.810° 52.8+43 475+53

138.4 + 126.2 +

k Deo.® P . . 207 0102
RWGS  kpeo,%ps,” 016 0.069 1302 1.010 oo g

COto

MeOH k pco® pu,” 0.74 14 <510° 8.510°

n.a.
WGS kpeo®pu” 1.1 045  1.710° 1.1:107

'"Measured at 20 bar, 240 °C at various gas compositio

I Measured at 50 bar 180-240 °C, gfH(CO,)=2.5, GHSV 40,000

The results of kinetic analysis for MeOH and CQnrfation from Table 2 are used to evaluate
the effect of ZnQ coverage. The reaction rates of methanol syntlaeslRWGS reaction are

normalized to the concentration of copper sitesamdy sites and presented in Figure 4.
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Figure 4: TOF for MeOH and CO obtained from the elodt 240 °C, 20 bar, }HCO,=3. For the TOF
calculation, reaction rates are normalized to Gassand ZnQ sites. The inset pictures are STEM-EDS
micrographs, where green represents Cu and red.ZR@I EDS images are in the Supporting Information
Section S12.

We can observe that the activity normalized to @essincreases with higher coverage of
ZnOy, while the activity normalized to ZnCsites decreases with increasing Zn&dverage.

The increase in Cu normalized activity is assigteed larger amount of ZnQon the copper

surface. The decrease of Zp@ormalized activity is due to the agglomeratiorzaf, since

all ZnO is not in close enough contact with Cu (8uairce of hydrogen) to proceed with
hydrogenation. The deactivation by ZnO overlayers vedso observed by Lunkenbein et
al.[36] The long-term impact of ZnO overgrowth bgsassment of a 148 day stability
study[36] is discussed in Supporting Informatiorect®on 6, where we observe constant
copper normalized activity between day 50 and d48, Wwhile exposed copper surface
continually decreases. This observation additignadlints to the fact that the separated Zn
active sites on Cu NPs are not significantly a#dcby ZnO overgrowth over Cu near ZnO

NPs. Due to a large difference in Zg@ormalized activity in the definition and use bet



microkinetic model the exclusion of inactive Znnscessary. However, to avoid the wrong
conclusion of the lower intrinsic activity beingusad just by the lower apparent number of
active Zn sites, Cu sites need to be included enrtiicrokinetic model as well, in order to
account for the actual hydrogen activation capgbilihe ZnQ distribution over Cu does not
significantly effect on the nature of catalysisagton orders and activation energy). The

guestion of the effect of other phases presertdrcatalyst is addressed in the next section.

3.2.3.Is Zn coverage and distribution the only important factor determining the
intrinsic activity in commercial CuZnAl catalysts?

The ZnQ-Cu contact can be altered by the presence eDAIn commercial catalysts,
influencing the activity. As it is observed in Tall and Figure 1, the CuAl catalysts are 1.6
to 6.7 times more active than CuSi ones and thengit activity of CuZnAl samples was
measured to be 0.95 to 1.5 of the Cuzn sampldsowdh the boundaries of ratios are not
definite. We investigated how changing the surfea@position impacts the intrinsic activity
(normalized to copper surface) of samples R1-R7[38]structure-activity relations. TOF
variation was connected to the difference of the/Qxps surface composition ratio, the
(Al/Cu)xps surface composition ratio and the weight percentafy ZnALO,. Additional
information about the calculation of TOF breakdavam be found in Supporting Information,
Section 7. As expected, we observed that the mantributor is the Zn/Cu ratio, while the
Al/Cu ratio and the weight fraction of Zn/&), had a negative contribution to the activity
(Figure 5). The AlO; coverage over active sites can be expected smaiii case AD;
covers around 50% of the CuzZnAl catalyst.[33] Weagine that the Cu-Zn atom pattern is
next to the AlO; cluster which limits the supply of the adsorbedrogen for continuing the
hydrogenation of reaction intermediates. The nggagifect of ZnAJO, can be explained by

the same reason as in the case of CuZn/Sihere Zn is stabilized in zinc



hydroxy(phyllo)silicate and cannot bind the reactiatermediates in the same manner.[5]
Al,O3; phase can have a negative impact on the actiViGu@n active sites, however it is in
the end beneficial since it prevents sintering. hiigher TOF values of CuZnAl catalysts
compared to the CuZn catalyst are highly likely sugad due to smaller ZnO NPs, allowing

greater Zn coverage over Cu.
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Figure 5: Contributions to the TOF by change of/@n-XPS, (Al/Cu)-XPS and weight percentage of spin
relative to sample R8. Error bars represent theltesf parameter variation where the relative agererror of
TOF estimation increased from the original 4.7%10%. All samples are the same CuZnAl catalyst agted
different conditions. No change of TOF is attrilmite the change of Zn/Cu ratio in the case catalgstg in

H,+6% H,O, since the ratio remains constant.

3.3. Multisite microkinetic model definition

Based on the observed structure activity relatitims,most influential variable for methanol
synthesis is the Zn coverage on Cu surface. Asrebddrom the apparent reaction orders
and activation energies in Table 2, the Zn@orphology does not significantly affect the
nature of the active sites. The property that erfices the activity of a CuZn catalyst the most

is the catalytic availability of Zn, dispersed ovau, as observed on Figure 4.



In this work, a multisite microkinetic model withuCand Zn catalytic sites was developed
based on the DFT reaction rate constants by Kattell.[13] for the Zn/Cu(211) surface,
experimentally measured kinetics of ; Hadsorption and desorption,[54] catalyst
characterization and catalytic conditions screeniffge catalyst structure used in the DFT
model[13] is consistent with observed structurevégt relations, where Zn atoms are
dispersed over Cu crystal surface. Fujitani etpatformed catalytic test using Zn/Cu(111)
model catalyst [14] and showed using XPS that thdibyg energy of Zn 2p3/2 at 0.19 ML Zn
coverage is lower than binding energy at highercdmerage after reaction, pointing to the
fact the Zn is not fully oxidized. Additional infioration about model structure selection and

DFT model development can be found in Supportirigrination, Section S2.

The site adsorption preference is developed basdteofact that Klis activated on Cu sites,
while the carbon reaction intermediates typicaligupy neighbouring Zn and Cu sites due to
bidentate binding or steric hindrance.[13] All orygbased species (O,®1 OH) adsorb on
Zn sites due to a higher binding energy than orsi®s.[24] Due to a higher binding energy
of carbon reaction intermediates (binding energy badentate formate: -3.41 eV) in
comparison with CO (-1.02 eV) on Zn sites and samaldsorption energy of CO on Zn (-1.02
eV) and Cu(111) (-0.99 eV[26]) sites, the adsorppdCO is limited to Cu sites. As observed
in Table 2, CO conversion to MeOH is negligible,iletthe rate of WGS is important, where
CO can react with hydroxyl species on Zn sites. ddtalyst surface and binding species are

drawn in Figure 6.

Figure 6: Adsorption of reactants and intermedigfes orange, Zn: blue, O: red, C: black, H: white.



The concentration of Cu sites is obtained b Nulse adsorption by prereduction at 240 °C,
0.1 bar H for 1 h where ZnO reduction is negligible as probgy H-TA.[33] Determination

of the concentration of Zn sites is more compleg thuagglomeration of Zn atoms. Sample
R4 is taken as a standard because of a small Zrage (7.1%) where Zn atoms are assumed
to be completely dispersed over Cu and are thexefompletely catalytically accessible. The
reaction rate constants of the individual reactiaresinfluenced by several factors which limit
direct ab initio reaction constants application. This involves expe of different crystal
planes with different activity [13,14,55], catalysurface morphology and composition
change according to the environmental conditiosslti&g in changing Zn coverage[37] and
the effect of adsorbate coverage on activationgnef elementary reaction steps[56]. For
those reasons the parameters determined by DFioarfeal and need to be optimized. We
tackle this challenge by taking into account Znerage over Cu NPs, since is the most
important variable which has not been previouslplemented in any microkinetic model.
Still however, the effects of the intermediate cqage on the activation energy[57] and the
preexponential factor should be in the future ideldi to obtain accurate results for high Zn
coverage over Cu. Original and optimized reactame constants can be found in Supporting

Information, Table S2.



3.4.Model validation

By initial inspection of the ZnCu(211) model of MEOsynthesis[13] using sensitivity
analysis at industrially relevant conditions (245 20 bar, CQCO/H, mixture), we observed
that MeOH can be formed through the formate pathggath rpl, Figure 7) faster than
through the CO-hydro pathway (paths rp3+rp2). HaveCO is likely being formed through
the CO-hydro pathway (path rp3) rather than throilnghdirect redox mechanism (path rp4).
This observation is consistent with the fact thaH is largely formed from C{Oon CuZn
catalysts (Table 2). For this reasons we focuseith®mate constant optimization for pathways

rpl and rp3.

Figure 7: Reaction scheme used in our study. Blauabws represent the elementary reaction stepblaed
arrows the reaction pathways. Reaction specielgklsquares without “(g)” are adsorbed on thelgsita

surface.
The comparison between the results of the optimmpedel and experimental data can be
found in Figure 8 and the corresponding concetnatif active sites is in Table 3. Parity
plots can be found in Supporting Information Sett Sensitivity analysis shows a higher
than linear dependence of methoxy hydrogenatiopg8uing Information, Section 10). In
addition, good match of model results with 118 expental points by Park et al[58] was

obtained for CuZnAl catalyst (Supporting Informati®Gection 13). The model constants were



optimized to describe the behaviour of catalytstdeof samples R9 and R4 at the measured
concentration of Cu sites by,®@ PSO and Zn sites for the sample at low coverayé/R %
Zn). The concentration of Zn sites on sample R9 etdained by comparing the activity with
the R4 sample, since the concentration of activei®s cannot be determined accurately for
the catalyst aged at equilibrium condition due t® phase agglomeration. Also the Zn
concentration of the R3 sample with observed higierage was fitted due to an observed
activity which was lower than expected for 23% aege and it was computed that the
copper surface is covered by 13.1% of active Znmi&sitioned before, we observed that the
morphology difference between the catalysts R3 BAddoes not significantly affect the
apparent reaction orders and activation energiabl€T2). Additionally, it was observed that
the catalyst aging at 240 °C and 260 °C at equilforconversion at 50 bar results in a higher
active Zn coverage, 13.1% and 19.9% respectiveiyly likely due to a higher CO fraction

during catalyst aging.
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Figure 8: Parity plots for MeOH and CO molar fraatifor all used catalysts. Circles represent expental data

and dashed lines the model results.

Table 3: Concentrations of active sites on CuZreaatysts.

c (Cu) c (Zn)

[mol/L]* [mol/L] coverage (zn) [%]




R3 0.1387 0.0209 13.F (observed 23

R4 0.2999 0.027%9 7.8

R9 0.0966 0.0%4 19.9
Tobtained by MO PSO? fitted concentratior, obtained from ECS&

To demonstrate the effect of the active Zn cover@geatalysis we calculated the activity at
the same conditions as were used for the catabsis using a commercial CuZnAl catalyst
by Kuld et al.[37] (130 °C, 1 bar, HO,/CO=64/18/18, differential conditions) for the
catalyst at constant total number of active si@s+Zn) and different Zn coverage (Figure
9a). We observed that MeOH synthesis parabolicadiseases up to 0.4 Zn coverage and then
starts to decline, similarly as is observed inrdference case. The temperature increase from
130 °C to 240 °C results in a shift of the maximantivity to 0.1 Zn coverage and a less
steep decrease of activity, due to lower occupatibiCu sites by reaction intermediates,
leaving free sites for Hactivation. By increasing the pressure from 1tba20 bar at 240 °C
the optimal Zn coverage shifts to 0.3, which igsuit of the higher rate ofHactivation due

to increased K partial pressure, leading to a better utilizatadractive Zn sites. Figure 9b
depicts the temperature dependence of reactiommetiates’ coverages at 20 bar and
H./CO,/CO=64/18/18. We can observe that the most abundartton based reaction
intermediates are methoxy and formate which atméwith the fact that formate species are

regularly found as the most abundant reactionnmeliates on CuZn systems.[17,59]
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Figure 9: a) Effect of the Zn coverage on the gditalactivity (blue line), model correction by acoting

aggregation of Zn atoms (red line) and referendevigc of the CZA catalyst Kuld et al. b) Zn activa@tes



(labeled by *) are almost entirely covered by rieacintermediates at various temperatures (20 Ba€0,=3,
GHSV 40.000 H).

We can observe that the activity of reference tagégure 9a at zero Zn coverage does not
converge to O activity but to around the third loé tmaximum activity. The high activity at
low coverage can be attributed to two differentoacts. The first is that the contact between
the Cu and ZnO phases is also active as seen hdtimodel Cu/ZnO(0001) catalyst. Indeed,
the results from the model catalyst by comparingZ8@(0001) and Zn/Cu(111) show that
the normalized activities are in the same ordethefactivity (Figure 3). The second is the
contribution of the AIO; phase, where CuAl can on the average reach 41%edctivity of
the CuZnAl catalyst (Figure 1). We dismiss the\amtiof pure Cu as a relevant contribution,
since it contributes on the average only 7% to dh#vity. Such low Zn coverages are
however not relevant to the industrial systemstaedwo site model can adequately describe

the catalytic interplay between Cu and Zn abundantee commercial system.



4. Conclusions

In this study we systematically and quantitivelytedlmine the various contributions to the
CuZnAl catalyst activity and use the obtained kremigie to prepare a multisite microkinetic
model for CQ reduction. The amount of catalytically active Zn@n copper surface has the
highest influence on the activity. On the commédr€iazZnAl catalyst, the CO and/or MeOH
increase the ZnQcoverage while kD promotes ZnO patrticle growth resulting in a faditi
inactive ZnQ layer near the ZnO particles, while the natureactve sites remains almost
unchanged when comparing apparent reaction oraeracivation energies. We observed an
increased methanol synthesis activity (normalize@u surface sites) with the uncovering of
Al,O3 from Cu, indicating a steric hindrance of Cu-Zmiae sites. Based on the fact that the
catalytic active Zn sites need to be surroundedChyatoms, which are necessary for H
activation, we developed a multisite microkinetiodel with Cu and Zn active sites. The
model is based on experimentally measureddiivation kinetics and reaction rate constants
obtained by DFT for the Zn/Cu(211) surface, and wasimized using the results of
experiments at industrially relevant conditions.eThctivity trends of Zn@Q coverage
variation match those of experimentally measurddegaproviding us with a useful model,
which can be further upgraded by reaction conditiependant Zn coverage as well as by
incorporating Cu particle growth and Zn overgrovaiwring deactivation or adding other

active sites due to the catalyst modification.
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