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The stepwise substitution of Al by Cr and Ga leads to quaternary LDH precursors for
Cu/ZnM,0,4 (M = Al, Ga, Cr) catalysts. With the substitution of Al by Cr the interaction of
the Cu phase with the oxide matrix is gradually weakened, which is caused by the
participation of the chromium oxide phase in the redox processes during catalyst preparation.
Such reactive Cr oxide matrix is less efficient than the inert Al oxide matrix in stabilizing the
special microstructure of Cu/ZnM,0,4 catalysts. These weakened interactions led to a
lowering of the Cu particle embedment, coinciding with a pronounced Cu crystallite growth
during reduction. Both effects partially compensate each other and a maximum in Cu surface
area is observed for intermediate Cr contents. In the Ga-substituted catalysts, two distinct Cu
species were found for high Ga contents. This is attributed to the presence of partially
crystalline spinel and the resulting different strength of interface interaction of the CuO
phase with the crystalline and the amorphous oxide. After reduction Cu catalysts with similar
average Cu particle sizes as well as Cu surface areas were obtained. In both sample series,
the catalytic activity in methanol synthesis does not scale with the Cu surface area and the
experiments show that a strong interaction to the oxide is necessary to gain stability and
activity of the Cu phase. Al substitution thus confirms that interface interactions between Cu
and the oxide seem to beneficially affect the activity of the Cu particles and the optimal

catalyst requires a compromise of exposed surface and interface.

1 Introduction

Besides ammonia and sulfuric acid, methanol belongs to the most important, industrially
produced basic chemicals. It is considered as a potential substitute for traditional fuels, e.g.
for the storage and generation of hydrogen for fuel cell applications [1, 2]. Recently, around
one-third of methanol is used in production of energy products [3]. For methanol production

effective catalysts are necessary, which were investigated intensively over the last decades



[3, 4]. Nowadays, all catalysts used for the low-pressure methanol synthesis consist of
copper and zinc oxide, and often alumina as stabilizing component [5, 6]. Mostly empirical
optimization has led to a preparation route for the widely used Cu/ZnO/Al,Oj3 catalysts based
on co-precipitation, followed by calcination and reduction [7, 8]. Cu,Zn,Al-hydrotalcite-like
compounds (or layered double hydroxide — LDH) are a typical component of the precursor
mixture of different hydroxycarbonates of the co-precipitation step in this synthesis [9, 10].
Recently, Cu-based catalysts obtained from LDH precursors were investigated in CO;
hydrogenation [11, 12] as well as low temperature shift reactions [13] and methanol
oxidation [14]. In a previous study [15] we presented a Cu-based catalyst with a high
intrinsic activity in methanol synthesis obtained from Cu,Zn,Al LDH precursors. The
hydrotalcite-like structure enables, furthermore, the insertion of a broad variety of cations,
within a certain ionic size range and M(I[)/M(III) ratio [16]. Thus, these materials can be
seen as a precursor system representing a powerful basis to study the effect of different
promoter species on the redox- and catalytic properties of the Cu/ZnO/X catalyst with the
same Cu content and the same preparation history. Several multicomponent catalysts were
described in literature, comprehensive overviews are given in [3] and [4].

Among first catalysts applied for methanol synthesis was ZnO/Cr,O; [17, 18], which was
replaced by the Cu/ZnO/Al,O; catalyst in the 1960s. Besides, Chromium oxide was used in
ternary Cu based catalysts in industry in the early 1970s, e.g. BASF (German Patent
2,116,949) [19]. In 1996 Saito et al. presented multicomponent Cu/ZnO based catalysts using
Cr,05 as well as Ga,O;3 as ternary component [20]. Furthermore, Ga,O; was reported as
catalyst promotor by Fujitani et al. [21] and Toyir et al. [22]. In addition, studies presented in
literature [23, 24, 25, 26] have already shown that it is possible to obtain LDH compounds
with Cr and Ga as trivalent cation. Binary pure and well crystallized Cu,Cr LDH was
prepared by Jiao et al. [25] with a molar ratio of 2 : 1. Venugopal et al. [23]described ternary
Cu/Zn/Cr;03 catalysts with a constant Cu content of 50 mol% [23] as well as quaternary
Cu,Zn,Al,Ga catalysts [26], which were used for dimethyl ether synthesis. [26]Additionally,
Nunan et al. [24] presented Cs-doped Cu,Zn,X (X = Cr, Ga) catalysts obtained from LDH.
For X = Cr the catalyst was characterized by very poor crystallinity and small crystallites. On
the other hand, the Cu,Zn,Ga catalyst showed similar properties like an analogous Cu,Zn,Al
catalyst. Anyway, it has to be mentioned, that nowadays chromium has mostly academic
interests, e.g in CO oxidation studies [27] and is no longer used in industry due to its

toxicity.



Al in its oxidic form is thought to be a multifunctional promoter, which is working as a
separator as well as an important species on the interface to Cu [28, 29]. Herein we present a
systematic study, where Al is substituted stepwise by Cr and Ga to gain understanding of the
functionality of Al within the LDH-system as well as the resulting catalysts and to introduce
new properties into the system. The general composition was always Cu : Zn : (Al+M) = 50 :
17 : 33, in which Al was substituted in 5% steps. The Cu,Zn,Al LDH is the common origin

of both the Cr- and Ga-sample series and was described in detail in our previous study [15].

2 Material and Methods

The Cu,Zn,(Al),M-LDH precursors (M = Cr, Ga) were precipitated from a mixed
Cu*"/Zn*/AP"+M" nitrate solution with an aqueous solution of NaOH (0.3 M) and Na,COs
(0.045 M) as the precipitating agent (total metal concentration: 0.43 M with Cu : Zn :
(Al+M) =50 : 17 : 33). The reaction was carried out at a constant pH value (pH = 8 + 0.7) at
25°C — pH and temperature were controlled by the automated lab reactor system (Labmax
from Mettler Toledo). After an ageing time of one hour the blue powder was isolated by
filtration, washing and drying at 100°C for 13h. Afterwards the sample was calcined in air at
330°C for 3h (heating rate 2 K/min). Finally, the Cu based catalyst was obtained by reduction
of the calcined sample in 5% H./Argon and a heating rate of 6 K/min. The reduction
temperature was adjusted for each catalyst to 15°C above Tpax of the TPR profiles.

The precursor sample without Cr or Ga is labeled as CZA, accordingly the calcined sample is
labeled as CZA-calc and the reduced one as CZA-red. The Cr or Ga containing samples (Al
was substituted stepwise by Cr or Ga) are labeled as CrX and CrX-calc as well as GaX and
GaX-calc, respectively, where X is the amount of Cr or Ga in at%.

Methanol synthesis employing the calcined samples was carried out in a fixed bed micro
reactor with an inner diameter of 2 mm filled with 180 mg of the sieve fraction (100 —
200 pm. Prior to the activity measurements, the samples were activated by reduction in Ho.
The samples were first treated for 12h in a mixture of 5% H, in He at 200°C using a heating
rate of 0.3K/min and then for 4h in pure H; at 250°C. Methanol synthesis was performed at
total pressure of 60 bar. The synthesis gas was composed of 72% H,, 10% CO, 4% CO, and
balanced by He. Total flow was kept at 60mL/min by mass flow controllers. Methanol
synthesis activity was measured under steady state conditions after 65h at 250°C and 60 bar
by on-line GC analysis (Varian MicroGC 4900) equipped with a TCD using a PPU column,

a COy column, and a molsieve 5A column for separating polar products, such as water,



methanol, CO, and CO. After a formation period of ca. 12h, there is no major deactivation
detectable in our experiments. Furthermore, no side products have been detected under these
conditions, as the used syngas mixture contained CO, and CO the selectivity towards
methanol is 100%. The methanol weight time yields (WTY) were calculated using the
methanol concentration in the outlet gas and the uncertainty was estimated to 0.03 gmeon gcar
"h! on basis of reproduction experiments. The uncertainties of the relative WTYs (related to
CZA-calc) as well as the intrinsic activities were calculated applying the rules for
propagation of errors (Gauss).

All details for catalyst characterization as well as used materials can be found in SI.

3 Results and Discussion

3.1 Microstructure of Cr and Ga containing LDH precursor and calcined samples

For a detailed investigation of the effect of Cr and Ga on the Cu based catalysts, seven Cr
containing and seven Ga containing samples were prepared and compared to the Cu,Zn,Al
sample. The overall composition was Cu : Zn : (Al+M) =50 : 17 : 33 (M = Cr, Ga), where
Al was substituted in 5 % steps. The XRF results in Table 1 (calcined samples measured)
show that the composition is in good agreement with the nominal one used for preparing the
starting solutions, especially regarding the herein interesting Cr and Ga contents.
Unfortunately, in Cr20 the Cu content shows a quite high deviance from the nominal value.
Furthermore, Cr33 still contains 1.6 at% Al possibly due to cross-contamination. But this
small amount of Al is considered as only a minor influence on the catalyst behavior.

Table 1: Metal contents in at% determined by XRF of calcined samples — top: Cr containing, bottom: Ga

containing (nominal composition: Cu : Zn : (AI+M) = 50 : 17 : 33); deviances for all samples: Cu + 0.08
and Zn + 0.04.

CZA M5 M10 M15 M20 M25 M30 M33
Cu  50.62 50.88 49.71 50.94 47.24 50.54 50.34 50.14
Zn 15.86 15.76 15.38 15.71 17.11 16.21 16.57 16.37
Al 335+04 28.7+£04 25.6+0.3 19.1+£0.3 152+0.3 925+022 42£02 1.6 0.1
Ct 0 4.7+0.1 9.4+0.11 14.3£0.1 204+0.2 24.0+0.2 28.9+0.2 31.9+0.19
Cu  50.62 49.29 51.33 50.90 51.30 51.64 51.80 51.33
Zn 15.86 15.32 16.23 16.32 16.33 15.74 16.44 16.54
Al 335+04 30.5+£0.3 22.3+0.3 174+0.3 12.4+0.2 73+0.2 2.4+0.1 0
Ga O 4.84+0.01 10.13+£0.02 1542+0.02 19.94+0.02 2535+0.02 29.36+0.02 32.13+0.02

The structural investigation by XRD, presented in Figure 1 indicates a hydrotalcite structure

for all samples, showing a significant change of the pattern for Cr contents >15 at% and an



increasing crystallinity with increasing Ga content. By incorporation of Cr or Ga into the
hydrotalcite lattice an increased M—M distance is expected, as the ionic radius of Cr** (0.615

A) and Ga’" (0.62 A) are larger than the one of A’ (0.535 A) [30].
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Figure 1: XRD patterns of precursors of (a) Cr and (b) Ga series in comparison to hydrotalcite-like structure.

The analysis of the peak position of the (110) reflection of LDH, presented in Figure 2,
shows an increased d-spacing for increasing Ga content. As this lattice plane is perpendicular

to the brucite-like layers, this result proves an incorporation of Ga into the LDH structure.
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Figure 2: XRD of Ga series: peak analysis of (110) — indicating an increasing M—M distance.
In agreement with observations described in literature [23, 31] the crystallinity is decreasing
with increasing Cr content. Therefore, a quantitative determination of the peak shift is not
possible for the Cr series, but one can assume by visual comparison that the (110) reflection
is shifted to lower angles or a larger d-spacing. Furthermore, as no other crystalline phase is

observed the incorporation of Cr into the LDH structure is very likely, especially as Cr33 still

shows the hydrotalcite structure.



The average lateral particle size of the LDH platelets, which was determined from SEM
images (see SI Fig. S1 for exemplary images), is 60-69 nm for small Cr contents (< 10 at%)
and decreasing to = 40 nm for higher Cr contents (see Tab. 2). This observation explains the
apparently lower crystallinity manifested in the broader reflections (XRD) for higher Cr
contents. As presented in Table 2, the BET surface area for the Cr containing samples is
significantly higher than for CZA and a maximum is found for Cr15. All nitrogen adsorption-
desorption isotherms are presented in SI Figure S2.

On the other hand, the average platelet size (for exemplary SEM images see SI Fig. S1) is
increasing (Tab. 2) with increasing Ga content. This is in agreement with the observed
decreasing BET surface area (nitrogen adsorption-desorption isotherms presented in SI Fig.
S3) and the increasing crystallinity observed by XRD.

Despite the similar size of Ga’" and Cr*", incorporation of Ga into LDH leads to an increased
crystallinity with larger platelets whereas it is decreased with Cr insertion leading to smaller
platelets. Accordingly, as also observed by Frost and Ding [31], the platelet size of LDH is

determined by cation substitution, depending on the type of cation.

Table 2: Properties of precursors and calcined samples: average lateral particle sizes (PS) of precursor
determined from SEM images (>150 platelets measured), BET surface areas (SA) of precursor (MX) and
calcined (MX-calc) samples and decomposition temperature of HT-CO5” (Tit-car)-

M=Cr M=Ga
at%M PS  SAmx SAmx-cale  THT-carb PS SAnmx SAmx-cale  THT-carb

/nm /m’g’  /mig’ /°C /nm  /m’g'  /m’g’ /°C
0 65 87 81 616 65 87 81 616

69 128 109 540 61 84 64 597
10 66 155 128 490 63 75 63 597
15 60 186 135 480 70 66 60 598
20 43 181 112 485 73 65 63 596
25 43 161 108 470 82 67 59 603
30 36 128 109 436 95 56 50 630
33 39 118 85 420 99 43 42 629

The investigation of the thermal behavior gives a first hint to the influences of Cr and Ga
onto the LDH system. In Figure 3 the TG-MS curves of Crl5 and Gal5 are shown
exemplarily (other TG diagrams can be found in SI Fig. S4-6). As observed for CZA [15],
the decomposition of the Cr and Ga containing LDH samples is dominated by the
decomposition of the hydrotalcite structure at low temperatures, meaning the emission of
interlayer water at 125°C and the dehydroxylation and decarboxylation at 150-330°C. All

samples are, furthermore, characterized by a CO, emission at higher temperatures (>430°C)
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Figure 3: Weight loss and MS traces (blue = H,O and green = CO,) of substituted LDH compounds during
heat treatment: (a) 15 at% Cr, (b) 15 at% Ga.

belonging to the decomposition of so-called high-temperature carbonate (HT-COs>) [32, 33,
34], whose weight loss is constant with 5-6%. As shown in Table 2 the decomposition
temperature of HT-CO;” significantly decreases with increasing Cr content with a local
minimum at 15 at% Cr. As already suggested elsewhere [35], a higher decomposition
temperature is an indicator for strong interfaces and grain boundaries, which are formed
during the first decomposition step and that can act as “traps® for carbonate anions.
Accordingly, the lower thermal stability observed for the Cr containing hydrotalcite most
probably results from a weaker interface contact of the Cu phase with the Zn-(AL Cr) matrix.
Thus, Cr seems to loosen the microstructural stability of the mixed oxides resulting from
LDH compounds.

In case of the Ga series, the overall weight loss is decreasing with increasing Ga content,
which is in agreement with the higher theoretical weight loss due to the substitution of Al
with the heavier homologue Ga. In contrast to the observation of the Cr series, the
decomposition temperature of HT-COs> for the Ga containing samples (Tab. 2) is first
decreasing (for Ga$), staying nearly constant for 5-20 at% Ga and increasing again for
higher Ga contents. But in general, the difference is much smaller than within the Cr series.

With the assumption that this decomposition temperature correlates with the strength of



interaction contact of Cu®" with the Zn-X matrix (see above), Al and Ga are quite similar, but
substitution results in slightly smaller interface interaction for the quaternary samples.

For all samples the dehydroxylation and first decarboxylation, meaning the LDH
decomposition, is finished before 330°C. Thus, this temperature was chosen as calcination
temperature. In the following, the calcined HT-COs> and Cr or Ga containing samples are
labeled as CrX-calc and GaX-calc and the unsubstituted sample as CZA-calc. As shown in
Figure 4(a) CZA-calc as well as CrX-calc are nearly x-ray amorphous mixed oxides,
containing 7-8 wt% HT-COs> (calculated from TG-MS curves). As shown in Figure 4(b)
this is also valid for GaX-calc with < 15 at% Ga, which contain 6-7 wt% HT- COs>. For
higher Ga contents the formation of ZnGa,04 spinel was observed, which is coinciding with

an increasing decomposition temperature of HT-CO3> (compare Tab. 2).
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Figure 4: XRD patterns of (a) Cr and (b) Ga samples after calcination at 330°C.

In case of CZA the spinel formation occurred more or less simultaneously with the
decomposition of HT-COs> above 600°C [15]. The lower crystallization temperature of
GaX-calc (X >20), especially of the spinel, indicates a phase separation during calcination at
330°C, which was not observed for CZA-calc.

Thus, this sample series is handled as two groups of samples — X < 20 and X > 20, a
separation that is in agreement with the trends in BET surface area evolution (see Tab. 2) as
well as the decomposition temperature of HT-CO5>".

For the Cr series the trend of the BET surface area is quite similar to the precursor samples,
as the Cr containing samples have a higher surface area and again a maximum is obtained

for 15 at% Cr (Tab. 2).



3.2 Investigation of reduction behavior and microstructure of resulting catalysts

The investigation of the reduction behavior of these sample series is based on the knowledge
gained from the reduction of CZA-calc [15, 36]. By complementary evaluation of TPR
profiles and NEXAFS spectra during reduction [15], we have shown , that the intermediate
Cu,0 was kinetically stabilized due to a strong interaction of Cu and the Zn-Al matrix,
resulting in the shoulder in the TPR profile of CZA-calc. As shown in Figure 5 the TPR
profiles gradually change with the insertion of Cr.
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Figure 5: TPR profiles of CrX-calc samples (parameters set to K =106-108 s, P = 10.1-10.8 K).

In agreement with the two groups of samples with Cr < 15 at% and Cr > 15 at%, already
observed for the precursor samples (XRD, SEM and N, physisorption), a big influence onto
the reduction temperature (see Tab. 3) and mechanism can be observed. Within the group of
small Cr contents (< 15 at%), the differences in the TPR profiles are much stronger
compared to higher Cr concentrations.

As described in [15] for CZA-calc a high reduction temperature is caused by the required
separation of reducible and irreducible species that is hindered by the homogeneous
elemental distribution and the strong interaction of “CuO” with the Zn-Al matrix, which has
to be overcome before reduction. As was already indicated by TG-MS this interaction is
weaker when Cr is present, and is further weakened with increasing Cr content. Hence, the
lower reduction temperature is explicable by the weaker interaction.

Interestingly, the amount of consumed H, (determined by calibration to commercial CuO -

Details on the calculation can be found in SI) relative to the amount of CuO present in the



Table 3: TPR characteristics: temperature of highest reduction rate (Ty.x) and hydrogen consumption in

relation to present CuO (from XRF data - Tab. 1).

at% M 0 5 10 15 20 25 30 33
Cr Tinax / °C 285 266 258 258 251 246 241 240

H,/CuO /% 98 105 113 118 138 142 147 150
Ga Tinax / °C 285 276 280 293 292 275 271 265

H,/CuO /% 98 98 96 99 99 98 97 96

investigated catalysts (Tab. 3) is higher than 100 % already for Cr5-calc and increases to
150 % for Cr33-calc. This indicates that chromium oxide contributed to the hydrogen
consumption and, thus, somehow plays an active role within the reduction process of the
catalyst, which will be analyzed below.

Based on the two step reduction of CuO proved for CZA-calc [15], the qualitative peak
deconvolution for the Cr containing samples, depicted in Figure 6 for X = 15 and 33, shows
two additional peaks. The assignment of the deconvoluted peaks was done by comparison of
the experimental and stoichiometric hydrogen consumption under the assumption of a nearly
complete reduction of CuQO, as observed for CZA-calc. Thus, the main peaks of the TPR
signal belong to the CuO reduction and the additional reduction peaks are on the low and
high temperature side of the main peaks. A more detailed explanation of the fitting
procedure and additional fitting results, including a comparison to CZA-calc and the

influence of heating rates are presented in SI (Fig. S8 and S10).
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Figure 6: Peak deconvolution of TPR profiles: (a) Crl5-calc, (b) Cr33-calc.

There are several studies in literature reporting about Cr containing catalysts as well as the
oxidation behavior of Cr,O; upon calcination. For example, Apte et al. [37] reported about
the conversion of Cr,O; to hexavalent Cr (“CrO;*) when heated in the presence of oxygen
at temperatures of 200-300°C. Accordingly, for CrX-calc the formation of Cr(VI) seems to

be likely, as they were obtained after calcination in air at 330°C. The presence of Cr(VI) was

10



also observed by Gaspar and Dieguez [38] by diffuse reflectance UV-vis spectroscopy in the
calcined state of Cr/SiO, catalysts. Complete reduction to Cr,Os by hydrogen required
temperatures above 350°C. Furthermore, Crivello et al. [39] investigated Cr/Cu/Mg mixed
oxides derived from hydrotalcite-like compounds. By XPS they observed the presence of
Cr®" besides Cr’* after calcination at 450°C, whereas after reduction in hydrogen at 300°C
only Cr’" was found. To verify the presence of Cr®" the Cr L-edge NEXAFS spectrum was
measured of Cr33-calc (Fig. 7). By comparison to the spectrum of Cr,Os as reference for
Cr’” and a NEXAFS study from literature [40] the peak at 580 eV clearly proves the
presence of Cr®" besides Cr’".

800007 ¢ 3 edge 577eV

= Cr33-calc
-_— - Cr203

Total Electron Yield
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Figure 7: Cr L-edge NEXAFS spectra of Cr33-calc and Cr,O; as reference for cr.

Hence, Cr*" is formed during the calcination of LDH, i.e. before the decomposition of the
high temperature carbonate. Thus, it may have also an impact on its thermal stability, which
was shown to decrease with increasing Cr content (Tab. 2). Simultaneously, the interaction
of Cu with the oxidic matrix is decreasing due to the Cr oxidation itself, resulting also in the
lower reduction temperature. Accordingly, the redox process of chromium during catalyst
preparation highly influences the Cu matrix interaction.

Based on these informations the additional reduction peak at the low temperature side of the
CuO reduction (peak 1) is attributed to the reduction of Cr°" represented by the reaction
2 “CrO;* + 3 Hy-— Cr,03 + 3 H,O. By comparison of the experimental and stoichiometric
hydrogen consumption during reduction and assuming the complete reduction of Cr®", it was
possible to estimate the fraction of Cr®" in all calcined catalysts to approximately 50 % of the
present Cr content, evaluated by XRF analysis (Tab. 1).

With regard to the high temperature reduction peak, Venugopal et al. [23] observed a single
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reduction peak at 325°C for a ZnO/Cr,0O5 catalyst which they proposed as the complete
reduction of Cr,0s finished at 350°C. Accordingly, we assume this peak can be assigned to
the reduction of Cr’". The quantification of the deconvoluted peak allows for the estimation
that in all samples 26 at% of Cr’* were reduced to “CrO”.

Moreover, the peak deconvolution showed that the more Cr is present the less stable is the
Cu,0O intermediate (seen also from the vanishing shoulder of CuO reduction) which was
observed as kinetically stabilized intermediate during the reduction of CZA-calc [15] caused
by the strong interaction of Cu with the Zn-Al matrix. Hence, this observation supports that
the interaction of Cu and the Zn-X matrix is weaker in the Cr containing samples. After all, a
complete reduction of CuO accompanied by major changes within the oxide phase can be
concluded from the TPR investigations.

With the insertion of Ga the TPR profiles gradually change as shown in Figure § .
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Figure 8: TPR profiles of GaX-calc samples (parameters set to K =105-109 s, P = 10.5-10.9 K).
First of all, for low and high Ga content a decreased Tyx 1s observed compared to CZA-calc,
whereas for Ga : Al around 1 : 1 (Gal5-calc and Ga20-calc) a higher reduction temperature
was found (see also Tab. 3). The observed changes of T, are much smaller compared to the
Cr-substituted sample series. Furthermore, the experimental hydrogen consumption is in
agreement (Tab. 3) with the amount of CuO present in the samples, hence a direct
participation of gallium oxide in the redox reaction, as observed for chromium oxide, can be
excluded. Accordingly, all observed changes are due to CuO and its interaction with the Zn-
(Al,Ga) matrix. Based on the characterization of GaX-calc, the sample series is devided in

two groups to analyze the reduction behavior (X' <20 and X> 20). As already seen in the Cr
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series a higher reduction temperature is caused by a strong interaction of “CuQO” with the
oxide matrix, which has to be overcome before reduction. The decomposition temperature of
HT-CO;” upon calcination (see Tab. 2) has already indicated that the interaction is slightly
weaker for the first group of samples (5-15 at% Ga) compared to CZA-calc, which can
explain the lower Ty,.x of Ga5-calc.

The increasing reduction temperature within this group, is probably due to a particle size
effect implemented by the LDH precursor, similar to reports in [41, 42, 43]. All four samples
have approximately the same decomposition temperature of HT-COs* but an increasing
particle size was observed by SEM of the precursor samples (Tab. 2). Furthermore, the TPR
profile of Ga5-calc and GalO-calc show, additional to the well described shoulder on the low
temperature side [15], a shoulder on the high temperature side. This is also illustrated within
the qualitative peak deconvolution for Ga5-calc in Figure 9(a), which is based on the two-
step reduction mechanism of CuO and the knowledge gained from the reduction of CZA-calc
[15]. As this shoulder is not influenced when different heating rates are applied (results
presented in SI Fig. S11), it can be excluded that this effect is caused by regions with
different particle sizes [43]. Accordingly, the only explanation for this observation is that
these samples contain two slightly different Cu species due to the modifications in the oxide
matrix by substitution of Al by Ga which is changing the interaction of the Cu phase and the
Zn-(Al,Ga) matrix.
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Figure 9: Peak deconvolution of TPR profiles: (a) Ga5-calc, (b) Ga33-calc.

On the other hand, the second group of this sample series (20-33 at% Ga) is characterized by
an additional peak on the low temperature side, most pronounced for Ga33-calc (around

210°C), indicating the presence of two different “CuO* species. This is also supported by the
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qualitative peak deconvolution, presented in Figure 9(b) (additional fitting results are
presented in SI, S10).

Based on the knowledge gained from XRD of the calcined samples (Fig. 4(b)), the peak at
lower temperatures is assigned to the weaker interaction of Cu®" with the crystalline
Zn(Al,Ga),04 spinel. The high temperature peak is attributed to the stronger interaction of
Cu*" with the amorphous Zn-(Al,Ga) matrix, as similar observed for CZA-calc [15].
Furthermore, the reduction temperatures is decreasing with increasing Ga content which is
probably caused by the partial phase separation during calcination of these samples, seen by
the formation of ZnGa,04 besides the amorphous matrix.

Nevertheless, for Ga : Al around 1 : 1 (Gal5-calc and Ga20-calc) a higher reduction
temperature compared to CZA-calc was observed, as was noted above. This result shows that
the ternary Zn-(Al,Ga) oxide matrix can be very efficient in stabilizing the CuO phase

against reduction compared to Zn-Al or Zn-Ga alone.

3.3 Properties of resulting Cu catalysts and activity in methanol synthesis

Traditionally, the Cu surface area was determined by N,O-RFC [44]. According to recent
findings [45, 46], where N,O chemisorption was compared to H, chemisorption data, it is
only possible to measure the chemisorption capacity of N,O and, thus, an apparent Cu
surface area. Herein, the apparent Cu surface area of the obtained catalysts was determined
for a selection of samples: X' =15, 15, 25, 33 (Tab. 4), where no influence was observed with
substitution of Al by Ga. Also the insertion of Cr had just slight influences on the Cu surface
area, with a similar behavior as observed for the BET surface area as a maximum value
results for Crl5-red.

Furthermore, the TEM investigation, exemplarily done for 15 and 33 at%, showed in
agreement to the Cu surface area nearly no influences on the Cu particle size with increasing
Ga content (Tab. 4; images and PSD in SI Fig. S13 + S14(c,d)).

On the other hand an increasing Cu particle size was observed with increasing Cr content
(Tab. 4; images and PSD in SI Fig. S12 + S14(a,b)). No pronounced loss of Cu surface area
occur for the larger particles, as the particle growth is partially compensated with a lower
interface ratio, i.e. the ratio of Cu surface inaccessible to the reaction gas but present as
interface to the oxide phase (calculated from the experimentally measured Cu surface area
and the average Cu particle diameter determined by TEM - details see SI). This lower
embedment of the Cu particles in presence of Cr is explicable with the less strong

interaction of Cu and the Zn-Cr matrix in comparison to Al.
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Table 4: Properties of catalysts after reduction: apparent Cu surface area (SA) deter- mined by N,O-RFC and
particle size (PS) by TEM particle size evaluation, interface ratio (IFR) is calculated from theoretic Cu surface
area for free-standing Cu particles based on TEM particle size (n.m. = not measured).

Cr Ga
at% Cu SA Cu-PS IFR Cu SA Cu-PS IFR
/m*/g /nm 1% /m*/g /nm /%
0 74+0.7 7 85 74+0.7 7 85
9.0£0.7 nm. n.m. 7.0£0.7 nm. n.m.
15 93+0.8 14.2 61 72+0.7 8.5 81
25 64+£06 nm. n.m. 7.6£0.8 nm. n.m.
33 73+0.7 24.1 43 79+0.8 8.6 76

All these characteristics are also reflected in the catalytic activity in methanol synthesis (Fig.
10). It has to be mentioned that the absolute activity of these ex-LDH catalysts is rather low
in comparison to a commercial one, but as we have shown before they are superior in their
intrinsic activity (activity normalized by Cu surface area) [15]. For the recent study the
activity data are investigated for correlations to the structural information described before.
However, within these series of samples no correlation of the catalytic activity with the
exposed Cu surface (Tab. 4) could be observed, but two different phenomena can be

described for Cr and Ga substitution.
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Figure 10: Activity in methanol synthesis at 250°C after 65h TOS, normalized to CZA-red (X = 0);
WTY = weight time yield of methanol (kgMSOHh’lkgcat’l): results of (a) CrX-calc and (b) GaX-calc.
The uncertainties of the relative WTYs (related to CZA-calc) were calculated applying the rules for
propagation of errors (Gauss), based on the uncertainty of WTY (estimated to 0.03 gueon gcm'l h! by
reproduction experiments).



In case of the Cr containing catalysts (Fig. 10(a)), the activity is decreasing with increasing
Cr content with the exception of Cr5-red. The catalytic properties can be nicely correlated
with the observed decreasing strength of the interaction of Cu and the oxide matrix.
Furthermore, the lower activity of Cr5-red compared to Cr10-red cannot be ignored as we
already showed that the sample series is composed of two groups of samples. This suggests
that two effects are competing for small Cr contents: the gradual changes by the stepwise
substitution of Al by Cr and the significant changes in their precursor chemistry.

These results support the suggestion that Cu alone is not responsible for catalytic activity,
but that also a special interaction to the oxide phase is required. Consequently, an increasing
interface ratio results in an increasing intrinsic activity, as depicted in Figure 11(a) (circles).
A converse correlation was observed for the increasing Cu particle size caused by the weaker

interaction resulting in a lower intrinsic activity (Fig. 11(a), squares).
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Figure 11: Comparison of catalytic activity in methanol synthesis: (a) Cr-series: intrinsic activity versus
interface ratio and Cu particle size, (b) Ga-series: activity (relative to CZA) in dependence of T,,,, of reduction
of calcined samples (line is only guideline for the eye). The uncertainties of the relative WTY's (related to CZA-
calc) as well as the intrinsic activities were calculated applying the rules for propagation of errors (Gauss),
based on the uncertainty of WTY (estimated to 0.03 gyeon gcar - ™' by reproduction experiments).

With introduction of Ga the changes of the activity are again much smaller than for the Cr

series, as shown in Figure 10(b). Anyway, the lowest activity was found for 33 at% Ga,

whereas the highest activity was observed for 15 and 20 at% Ga, where the Al : Ga ratio

is around 1 :1. In agreement with the stabilizing effect observed by TPR, this result

shows that a ternary oxide can improve the intrinsic activity of Cu (illustrated in Fig.
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S16), if the general microstructure of the resulting catalyst is not influenced. On the other
hand, the low activity of high Ga contents indicates that partially crystalline oxide, which
is already present in the calcined state, yield a lower intrinsic activity of Cu. Furthermore,
in other studies it was shown, that the lower the reduction temperature during catalyst
activation the higher is the activity of the derived catalyst [47, 48]. This sample series
shows a more or less inverse trend: the higher Ty, the higher is the activity in methanol
synthesis (Fig. 11(b)). Thus, the reduction temperature is no direct indicator for the

activity in methanol synthesis.

4 Discussion and Conclusion

First of all, the stepwise substitution of Al by Cr and Ga has shown that it is possible to
systematically prepare quaternary LDH precursors for Cu based catalysts. The precursor
characterization showed two families of samples for both series, each having significant
different properties for small Cr or Ga contents (< 15 at%) compared to high contents. After
decomposition in air carbonate-modified mixed oxides were obtained for Cr containing
samples as well as for Ga contents < 15 at%. Higher Ga contents led to the formation of
crystalline Zn(Al,Ga),04 or ZnGa,04 spinel.

With the substitution of Al by Cr the special interaction of the Cu phase with the Zn-X
matrix is gradually weakened. This was indicated by a decreasing decomposition
temperature of the high-temperature carbonate with increasing Cr content (TG-MS) and is
caused by the participation of the chromium oxide phase at the redox processes during
catalyst preparation, as shown by Cr NEXAFS and TPR investigations. Such reactive Cr
oxide matrix is less efficient than the inert Al oxide matrix in stabilizing the special
microstructure of Cu/ZnM;0y catalysts. It promotes the rearrangements in the solid state and
does not hinder the Cu reduction as effectively as ZnAl,O4. These weakened interactions led
to a lowering of the Cu particle embedment, coinciding with a pronounced Cu crystallite
growth during reduction. Both effects partially compensate each other and a maximum in Cu
surface area is observed for intermediate Cr contents. However, the catalytic activity does
not scale with the Cu surface area in this series of samples, which is attributed to a
difference in intrinsic activity of the exposed Cu surface in strong or weak interaction with
the oxide matrix. Accordingly, this sample series shows nicely that a high interaction to the
oxide is necessary to gain stability and activity of the Cu phase. Correlations of the intrinsic

activities with decreasing Cu particle size and increasing interface ratio with the oxide
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component were found. These findings are in agreement with recent observations, that the
intrinsic activity of Cu is related to defects and strain in the Cu particles [49, 50], which
exhibit a larger concentration on small particles and are possibly “pinned” at the metal-oxide
interface [51]. By the analysis of the TPR profiles of GaX-calc two different Cu species
were found for high Ga contents. This is attributed to the presence of partially crystalline
spinel and the resulting different strength of interface interaction of the CuO phase with the
crystalline and the amorphous oxide. The reduction of GaX-calc led to Cu based catalysts
with similar average Cu particle sizes as well as Cu surface areas and interface ratios.
Similar to the Cr series, the small Cu particles are embedded within a Zn(Al,Ga),04 spinel-
like matrix for Ga contents < 15 at%. For higher Ga contents the Cu particles are still highly
embedded, but the oxidic matrix is also composed of crystalline ZnGa,O4 spinel. Their
catalytic activity in methanol synthesis does not scale with the Cu surface area either but
shows a maximum for intermediate Ga contents in those samples, where the Al-Ga
substitution did not lead to a partial crystallization of the spinel (Ga : Al = 1 : 1). Thus, it
was shown that a ternary oxide has a stabilizing effect and is improving the intrinsic activity
without significant influence onto the catalyst microstructure. On the other hand, the low
activity of high Ga contents (> 20 at%) indicates that an early phase separation (during
calcination) and a partially crystalline oxide have a negative influence on the Cu matrix
interaction resulting in a lower intrinsic activity.

After all, the Al substitution sample series show that it is possible to prepare series of Cu
based catalysts with the same preparation history, which are characterized by a similar
microstructure but significant differences in catalytic performance attributed to differences
in intrinsic activity. This study confirms that interface interactions between Cu and the oxide
seem to beneficially affect the activity of the Cu particles and the optimal catalyst requires a
compromise of exposed surface and interface. The present investigation has shown that it is
possible to tune the intrinsic activity of Cu in the resulting Cu based catalyst by modification

of the interface area (Cr) as well as the type of the interface interaction (Ga).
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