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Disentangling the activity-selectivity trade-off in
catalytic conversion of syngas to light olefins
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Breaking the trade-off between activity and selectivity has been a long-standing challenge in

the field of catalysis. We demonstrate the importance of disentangling the target reaction

from the secondary reactions for the case of direct syngas conversion to light olefins by
incorporating germanium-substituted AIPO-18 within the framework of the metal oxide-zeolite
(OXZEO) catalyst concept. The attenuated strength of the catalytically active Brgnsted acid sites
allows enhancing the targeted carbon-carbon coupling of ketene intermediates to form olefins
by increasing the active site density while inhibiting secondary reactions that consume the
olefins. Thus, a light-olefins selectivity of 83% among hydrocarbons and carbon monoxide
conversion of 85% were obtained simultaneously, leading to an unprecedented light-olefins

yield of 48% versus current reported light-olefins yields of <27%.

chieving both high activity and high se-

lectivity is a long-standing challenge

for selective reactions such as the hydro-

genation of CO in direct syngas con-

version (I-8). Fischer-Tropsch synthesis
(FTS), as a key process for syngas conversion
using Fe-based (8-10) and Co-based (11-13)
catalysts, allows direct synthesis of light ole-
fins (two to four carbon atoms, C,™-C,7),
named as Fischer-Tropsch-to-olefins (FTTO).
Substantial progress has been made in the
past decade (table S1). For example, a 61%
light-olefins selectivity among hydrocarbons
at 0.5 to 1% CO conversion and 52% selec-
tivity at 88% CO conversion had been ob-
tained, giving 26% yield of light olefins over
Fe/carbon nanofiber catalysts (8). Hydropho-
bically modified FeMn catalysts gave 63% se-
lectivity for all olefins and ~27% for light
olefins at 56% CO conversion, amounting
to ~14% yield of light olefins (9). A light-
olefins selectivity of 61% among hydrocarbons

was achieved at 32% CO conversion over Mn-
promoted Co,C catalysts, giving 10% C,™-C,~
yield (11). More recently, CO conversion was
enhanced to 64%, with 71% light-olefins selec-
tivity among hydrocarbons when CoMn car-
bide was physically mixed with hydrophobic
polydivinylbenzene, giving 24% yield of light
olefins (13).

In addition, bifunctional metal oxide-zeolite
(OXZEOQ) catalysts were recently developed
for direct syngas conversion to light olefins
(6, 7, 14-16). By separating the key steps of CO
and H, activation from the subsequent C-C
coupling of the ketene intermediates (CH,CO,
which is a carrier of CH,) on the active sites
of metal oxides and zeolites (or zeotypes),
respectively, the product selectivity can be
modulated through the topology of zeolites
(or zeotypes), and light-olefins selectivity higher
than 80% was obtained (6, 7, 16). Recently, the
technology was successfully demonstrated in
a pilot plant with 1000 ton/year light-olefins

have been made to optimize the catalyst. -,
screening a wide range of metal oxide and zeo-
lite (zeotype) combinations as well as reaction
conditions (7, 16, 18-24). As a result, the catalytic
performance has been greatly improved; CO
conversion could be increased from 17 to 60%
with light-olefins selectivity being maintained
at 75%, and the yield of light olefins improved
from 8 to 27% (16, 21, 24). However, further
improvement of OXZEO and FTTO processes
appears to be stalled by an activity-selectivity
trade-off (Fig. 1A, dashed line, and table S1).
The mechanistic origin of the activity-selectivity
trade-off can be traced to the catalytic sites for
both the target and side reactions on the cata-
lyst. Taking the silicoaluminophosphate (SAPO)-
type zeotypes in the OXZEO syngas conversion
concept as an example, the Si-OH-Al Brgnsted
acid sites are the active sites, catalyzing C-C
coupling of the ketene intermediates to form
light olefins as products (7, 18), which conse-
quently shifts the thermodynamically limited
step of syngas conversion to ketene (7, 25).
A high selectivity of light olefins has been
achieved by weakening the acidity through
reduction of the Si content (7, 16, 18). However,
this reduces simultaneously the density of the
Si-OH-Al acid sites and hence the rate of in-
termediate consumption and ultimately CO
conversion. CO conversion can be facilitated
with a higher acid site density by increasing
the Si content of the SAPO zeotypes. But this
comes at the expense of olefins selectivity be-
cause the Si-OH-Al Brensted acid sites are
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Fig. 1. The activity-selectivity trade-off in the OXZEO syngas-to-light olefins process. (A) Selectivity of light olefins versus CO conversion data reported for

FTTO (black squares) and OXZEO (blue triangles) processes (6-14, 16, 18-24, 30), and this work (red circles). The red dashed line is a guide for the eye. (B) Scheme
depicting the activity-selectivity trade-off caused by the entangled target (ketene intermediate-to-light olefins) and undesired secondary reactions (overhydrogenation
to paraffins and oligomerization to Cs. hydrocarbons) over zeotypes.
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also active for the secondary reactions of ole-
fins, such as hydrogenation and oligomeriza-
tion (I8, 26-28). Moreover, these secondary
reactions are enhanced by the simultaneously
strengthened acidity and increased active
sites (6, 7, 14, 16, 18, 29). For example, Li et al.
showed that CO conversion was enhanced
from 27 to 50% by increasing the Si content
of SAPO-18, but the light-olefins selectivity
declined from more than 80% to around 50%
because of the simultaneous acceleration of
secondary hydrogenation reactions (I8). It re-
mains a mechanistic challenge for conven-
tional aluminosilicate and SAPO zeotypes.
Therefore, the goal is to terminate the reac-
tion at the olefin formation step—that is, to
disentangle the target reaction C-C coupling
of ketene from the secondary reactions of hy-
drogenation and oligomerization of olefins
(Fig. 1B). We report that Ge-substituted AIPO-18
is an effective strategy to achieve this goal and
thus break the activity-selectivity trade-off. As
a result, we obtained an unprecedented CO
conversion of 85% simultaneously with 83%
light-olefins selectivity among hydrocarbons.
The light-olefins yield reaches as high as 48%,
which nearly doubles the best values reported
previously for FTTO and OXZEO processes.

Germanium incorporation in AIPO-18

We introduced Ge into AIPO-18 by means of a
hydrothermal method, with the Ge/Al ratio vary-
ing between 0.012 and 0.027 (denoted as the
subscript “a”). The resulting GeAPO-18, zeotypes
exhibited a typical AEI crystal structure with
no impurity phase and homogenous distribu-
tion of Ge species throughout the crystals (figs.
S1 to S4 and table S2). Taking GeAPO-18 g5,
for example, x-ray absorption spectroscopy
(XAS) of the Ge K-edge (fig. S5 and table S3)
indicated that Ge species were dispersed as
single sites being fourfold coordinated with
O atoms within the AIPO-18 framework. In-
frared analysis of the hydroxyl (OH) stretch-
ing vibration (fig. S6) and NHj3 adsorbed on
GeAPO-18, (fig. S7) confirmed the generation
of Ge-OH-Al Bronsted acid sites created by
the framework substitution of P by Ge atoms
(figs. S8 and S9). A hydrothermal treatment ex-
periment at 450°C demonstrated a good sta-
bility (fig. S10). NH; temperature-programmed
desorption (TPD) indicated that the acid site
density increased with the Ge/Al ratio up to
0.027, but the acid strength remained about
the same (fig. S11 and table S4).

The GeAPO-18, variants were physically
mixed with ZnCrO, to form OXZEO composite
catalysts for syngas conversion. CO conversion
reached 60% upon introduction of a small
amount of Ge (Ge/Al = 0.012), and light-
olefins selectivity among hydrocarbons was
84% at 410°C. CO conversion rose almost
linearly to 79%, with the density of the medium-
strength acid sites increasing to 53 umol/g,
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Fig. 2. Catalytic performance of ZnCrO,—~GeAPO-18 catalysts in syngas conversion. (A) Performance
as a function of the medium-strength Bransted acid site density of GeAPO-18. The dashed arrow line is a
guide for the eye. Reaction condition: ZnCrO,/GeAP0O-18 = 2 (mass ratio), H,/CO = 2.5, 410° and 430°C
(prism filled pattern), 6 MPa and 1500 ml/(g.at-hour). (B) Stability test of ZnCr0,—GeAPO-18 o7 at 430°C.
(C) Performance of ZnCrO,~GeAPO-18 (red columns) in comparison with previously reported FTTO (blue)

and OXZEO catalysts (green) (6-14, 16, 18-24, 30).

and light-olefins selectivity increased to 87%
(Fig. 2A). CO conversion further increased to
85% at 430°C, and light-olefins selectivity de-
clined only slightly to 83% (Fig. 2A and fig. S12).
By contrast, AIPO-18 containing no Ge exhib-
ited a low CO conversion of 24% and light-olefins
selectivity of 63% under the same conditions
(fig. S13 and table S5).

A test of 150 hours on stream showed that
the catalyst delivered stable performance dur-
ing this time frame (Fig. 2B, fig. S14, and table
S6). The ratio of light-olefins to light-paraffins,
denoted as (C, -C4)/(C5°-C,°), remained at 16.
The yield of light olefins reached as high as 48%
(Fig. 2C), surpassing the previously reported
best values for both FTTO and OXZEO catalysts
by nearly a factor of 2 (6-14, 16, 18-24, 30). The
above results indicated that the “performance
ceiling” shown in Fig. 1A is successfully broken,
with CO conversion and light-olefins selectiv-
ity both exceeding 80%.

Catalyst comparison

To further illustrate the versatility of GeAPO-18
zeotypes, we compared them with correspond-
ing catalysts substituted with silicon (SAPO-18)
and with magnesium (MgAPO-18). Those two
zeotypes were prepared with similar methods

as that used for GeAPO-18 (supplementary mate-
rials) with a Si/Al ratio ranging from 0.011 to
0.029 and Mg/P ratio from 0.019 to 0.029, re-
spectively. The resulting ZnCrO,-MeAPO-18,
combinations were all tested in a wide temper-
ature range of 410° to 480°C and space velocity
between 1500 to 6000 ml/(g.,-hour). The CO,
selectivity appeared to be controlled thermo-
dynamically (figs. S15 and S16). The red-orange-
yellow region of the contour plots in Fig. 3, A
to C, indicates light-olefins selectivity >80%,
and black regions indicate selectivity <60%.
The maps indicate that GeAPO-18 allowed the
reaction to be operated over a wider temper-
ature range, in which light-olefins selectivity
and CO conversion simultaneously remained
>80% with the (C,™-C,7)/(C,°-C,°) ratio > 15
(Fig. 3A and fig. S17). A wider operation tem-
perature range is highly desirable for appli-
cations. By contrast, the red-orange-yellow
operation zone was much smaller with the
classical SAPO-18 zeotypes (Fig. 3B) and al-
most nonexistent with MgAPO-18 (Fig. 3C).
All SAPO-18,, MgAPO-18,, and GeAPO-18, sam-
ples examined under different conditions in
this work are detailed in Fig. 3D. It reveals that
the activity-selectivity trade-off boundary can-
not be exceeded with SAPO-18 and MgAPO-18
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by changing their acidity properties (varying
Si/Al and Mg/P ratios) or the reaction condi-
tions, but it can be breached by GeAPO-18.

Mechanistic studies

We compared GeAPO-18, 05, SAPO-18 16, and
MgAPO-18, 999 to understand the mechanism
underlying the high yield of olefins over the
ZnCrO,~GeAPO-18 catalysts because all three
catalysts have a similar density of the medium-
strength acid sites (table S4) as well as compa-
rable diffusion efficiency (fig. S18). The NH3;-TPD
profiles in fig. S11 show that the desorption cor-
responding to the medium-strength acid sites
peaks at 235°C for GeAPO-18 y,5, Which is 50°C
lower than that of SAPO-18 ;6. In comparison,
MgAPO-18 shows a broad high-temperature
desorption feature (between 300° and 413°C).
The desorption temperatures reveal that the
strength of the acidity decreased in the se-
quence of MgAPO-18 > SAPO-18 > GeAPO-18.
These results were consistent with the experi-
mentally measured differential adsorption heat
of NHj (table S7) and NH; binding energy on
different Bronsted acid sites calculated with
density functional theory (DFT) (table S8 and
figs. S8 and S19), which were, respectively,
143 kJ/mol and -1.24 eV for GeAPO-18; oo5,
156 kJ/mol, and -1.40 eV for SAPO-18 o;6, and
193 kJ/mol and -1.71 eV for MgAPO-18 go0.
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Fig. 3. Comparison of
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syngas conversion. Contour
plots of catalytic performance.
(A) GeAPO-18 with Ge/Al =
0.012 to 0.027. (B) SAPO-18
with Si/Al = 0.011 to 0.029.
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Because the light-olefins yield improved with
decreasing strength of the zeotype acidity,
we examined the effect of the acidity on the
adsorption and activation of H, and olefins
by using ethylene as a probe molecule (table
S9 and figs. S8 and S20). The calculated mean
ethylene adsorption energy was 0.56 + 0.05 eV
on the Ge-OH-Al Bronsted acid sites (Fig. 4A),
which was noticeably weaker than that on
Si-OH-Al and Mg-OH-P sites. This order cor-
related well with the NH; binding energy trend,
even considering the variation of the energies on
different T-sites of each zeotype (Fig. 4A), and
was further confirmed with the ethylene-TPD
experiments (Fig. 4B). The H-D exchange exper-
iments revealed a weaker H, activation activity
on GeAPO-180_025 than that on SAP! 0-180.016 and
MgAPO-18,029 (Fig. 4C) (31).

Both the weaker ethylene adsorption and
H, activation over GeAPO-18 retard the sec-
ondary reactions of ethylene hydrogenation to
ethane and its oligomerization to higher hy-
drocarbons Cs, (I8). This is further demon-
strated by ethylene conversion in the presence
of hydrogen between 400° and 460°C over
MeAPO-18 (Fig. 4D and fig. S21). GeAPO-18
exhibited lower activity for ethylene hydro-
genation and oligomerization than those of
the other two zeotypes. Although the presence
of CO could significantly suppress the second-
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ary reactions of olefins, GeAPO-18 still exhibited
the weakest activity among the three zeotypes
(fig. S22). The above results demonstrated that
the Ge-OH-Al site can modulate the relative
kinetics of C-C coupling of ketene to olefins
and the subsequent over-hydrogenation and
oligomerization of olefins and hence results
in high selectivity for light olefins. The weaker
oligomerization activity of Ge-OH-Al sites, as
another advantage, led to a higher selectivity
to more valuable ethylene and propylene com-
pared with that of the optimized SAPO-18
under the same conditions (tables S10 and
S11), which is of economic importance for in-
dustrial application. Therefore, CO conversion
is improved by increasing the density of Ge-
OH-Al sites and optimization of reaction con-
ditions without degrading the light-olefins se-
lectivity (Fig. 2A and fig. S23). An even higher
activity can be expected if more Ge-OH-Al
Bronsted acid sites could be generated as soon
as a suitable preparative technique for en-
hanced heterometal substitution into zeotype
frameworks becomes available (fig. S23).

Discussion

This study demonstrates that the key to break-
ing the activity and selectivity trade-off in CO
hydrogenation to olefins lies in the disentan-
glement of the catalytically active sites for
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Fig. 4. Acidic strength of GeAPO-18 and its effects on the catalytic performance in comparison with
SAPO-18 and MgAPO-18. (A) Calculated mean adsorption energy of ethylene versus the binding energy

of NHs. The error bars indicating the variation of adsorption energy between different T-sites of zeotypes
(tables S8 and S9). (B) Ethylene-TPD measured by the derivative of the mass loss detected with intelligent
gravimetric analysis. (C) H-D exchange activity represented by the relative HD/(H,+HD+D,) concentration.
(D) Ethylene hydrogenation at 400° to 460°C, 4 MPa, 200 ml/min, feed 1.2% C,H;-66.6% H,-32.2% Ar.

the target and side reactions. It demonstrates
that incorporation of Ge-substituted AIPO-18
provides an effective strategy within the
OXZEO catalyst concept. Its weaker Ge-OH-
Al Bronsted acid sites are largely inactive
for the secondary reactions of hydrogenation
and oligomerization of olefins, and increas-
ing the density of Bronsted acid sites does
not strengthen the acidity. Therefore, one can
create more active sites to catalyze the con-
version of ketene intermediates to light olefins
and thus shift the thermodynamically limit-
ing step of syngas conversion to ketene. As a
result, 85% CO conversion and 83% light-olefins
selectivity can be simultaneously obtained, re-
sulting in an unprecedented light-olefins yield
of 48% under optimized conditions. Further-
more, metal substitution constitutes a general

Jiao et al., Science 380, 727-730 (2023) 19 May 2023

strategy to mediate the strength and density of
Bronsted acid sites in zeotype frameworks,
which will enable the optimization of catalysts
not only for CO but also CO, hydrogenation to
value-added chemicals.
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Editor’'s summary

The production of light olefins from a mixture of hydrogen and carbon monoxide (syngas) over metal-oxide zeolite
catalysts is complicated by competing side reactions. Jiao et al. show that the Brgnsted acid sites created in the zeolite
AIPO-18 by germanium substitution were highly active for carbon—carbon coupling of the intermediates to olefins

but much weaker for the unwanted side reactions of hydrogenation and olefin oligomerization. A carbon monoxide
conversion of 85%, along with a selectivity of for light olefins of 83%, led to an overall yield of almost 50%. —Phil
Szuromi
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