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The conversion of C1 molecules, CO, (CO and CO,), to valuable chemical products has garnered ever-increasing attention.
Among many routes, the hydrogenation via thermal catalysis is particularly promising as a key clean energy technology with the
increasing supply of green H,. Zinc-based mixed oxide catalysts exhibit exceptional catalytic performance in the CO, hydro-
genation to value-added hydrocarbons, especially in combination with zeolite. This review overviews the recent achievements in
understanding the active sites and reaction mechanisms of CO, hydrogenation on zinc-based mixed oxide catalysts, focusing on
three most-studied zinc-based mixed oxide catalysts, namely ZnCrO,, ZnAlO, and ZnZrO,. The challenges and future directions

are also discussed.
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1 Introduction

C1 chemistry represents a pivotal and attractive research
domain in chemistry and catalysis, driven by the increasing
demand for producing value-added chemicals and fuels from
alternative sources [1-7]. Among various pathways, CO,
(CO and CO,) hydrogenation emerges as the most crucial
reactions for utilizing clean energy technologies [8—17].
Recent years have seen a growing interest in the utilization of
metal oxide-zeolite (OX-ZEO) bifunctional catalysts for the
direct synthesis of C,, product from CO, hydrogenation
under high temperature conditions [8]. The catalytic activity
of the reaction is primarily determined by the metal oxides
that work for CO,/H, adsorption and activation. It was found
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that Zn-based mixed oxide, i.e., ZnCrO, [8,18], ZnAlO, [19],
ZnGaO, [18] and ZnZrO, [20], are among the best catalysts,
showing excellent activity and stability. These mixed oxide
catalysts can be coupled with the zeolites to facilitate CO,
hydrogenation to generate various products, including hy-
drocarbons, dimethyl ether (DME), formic acid, and ethanol
[8,10,12,18,20-25].

Zinc oxide is known for its strong dissociation ability for
H, but relatively poor activation ability for CO,. By com-
bining zinc oxide with many other elements such as Cr, Zr,
Al, and Mn, the key surface properties, including surface
oxygen vacancy (Oy) content, H, dissociation ability, and
CO, affinity can be regulated, enabling the synergistic acti-
vation of CO, and H,, thereby enhancing the activity of CO,
hydrogenation reactions. For instance, ZnCrO, catalyst has
been a well-established catalyst for syngas-to-methanol since
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1930s [26]; ZnO-ZrO, was reported to efficiently reduce
CO, to methanol [13,27]; Cu/ZnO/Al,0;, the well-known
industrial catalyst, achieves low-pressure and low-tempera-
ture hydrogenation of CO, mixed gas to methanol [28-30].
The resulting methanol serves as a crucial feedstock for
subsequent catalytic conversions.

Since 1970s, zeolites have been established as prominent
catalysts for methanol conversion. The product selectivity
varies with different zeolite topologies, ranging from gaso-
lines [31,32], light olefins [33,34] to aromatics [35,36] etc.
Despite the high methanol conversion rate using zeolite
catalysts, the processes like methanol-to-olefin, methanol-to-
gasoline, and methanol-to-aromatics all experience the rapid
deactivation [32,35-40]. For example, the methanol-to-ga-
soline process with modified ZSM-5 zeolites typically
achieves >85% high methanol conversion and gasoline se-
lectivity, but is prone to quick deactivation due to coke for-
mation.

In contrast to the separate route that uses methanol as a
platform molecule, the OX-ZEO bifunctional catalysts can
directly convert CO,/H, feeds into selected hydrocarbon
product mixtures in a single reactor. This process involves
the oxide component converting syngas or CO,/H, to oxy-
genates (such as methanol, DME, or ketene), and the zeolite
component subsequently converting these oxygenates to
hydrocarbons. The OX-ZEO route thus offers new oppor-
tunities to overcome thermodynamic limitations and to in-
tensify chemical processes by reducing the number of
separation steps and product workup. Especially, CO,/H,
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would also be present in the zeolite that helps to inhibit the
coke formation and avoid the deactivation. However, many
challenges still remain, including the finding of optimum
reaction conditions, the search for the best catalytic perfor-
mance and the identification of the reaction intermediates.
For the reaction intermediate, for example, Bao and co-
workers [8] based on the experiments on a bifunctional
catalyst consisting of Zn-Cr oxide and mesoporous SAPO-34
propose that the OX-ZEO process operates via ketene as the
key intermediate. But, Wang and co-workers [41] suggested
methanol and DME as reaction intermediates on their bi-
functional catalysts comprising Zr-Zn oxides and SAPO-34
as active components for CO activation and C—C coupling
step. In both cases, SAPO-34 was used to convert oxygenates
to lower olefins, but the different Zn-based oxides appear to
yield different reaction intermediates, indicating the im-
portance of OX types in OX-ZEO catalysts in determining
the catalytic activity and the nature of the reaction inter-
mediates.

To further illustrate the influence of Zn-based oxides,
Figure 1, Tables 1 and 2 summarize the CO, conversion rate
versus product selectivity on three typical Zn-based OX-
ZEQ catalysts from experiments, where OXs are ZnCrO,,
ZnAlO, and ZnZrO,, represented by black points, orange
triangles and blue squares, respectively. These experimental
results are briefly introduced in the following.

ZnCrO, /MSAPO-34 catalyst was the first OX-ZEO cata-
lyst reported by Bao and co-workers [8] in 2016 for syngas-
to-olefin (STO). The initial CO conversion rate for STO
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Figure 1 (Color online) Selectivity of light olefin or aromatics in hydrocarbons versus conversion data on CO (a) and CO, (b) hydrogenation with Zn-based
OX-ZEO catalysts (all data from experiments in Tables 1 and 2). ZnCrO,, ZnAlO, and ZnZrO, are depicted as black points, orange triangles and blue squares
respectively. The product yields (CO, conversion rate times product selectivity) are plotted in gray dashed lines. Note that the selectivity reported in
experiments does not take into account of CO, production in CO hydrogenation and CO production in CO, hydrogenation.
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Table 1 Zn-based OX-ZEO bifunctional catalysts reported for CO hydrogenation to various hydrocarbons and their performance”

Oxide Zeolite T(K) P(MPa) GHSV HyCO Xeo  Sco, Sewms Seyci Sercs  Scs.  Saom  Ref.
ZnCrO, MSAPO-34 673 25 7714 25 170 440 20 80.0 93.0 5.0 - 8]
ZnALO, SAPO-34 673 3 3600 2.0 250 440 35 80.0 94.0 24 - [18]
ZnAlO, SAPO-34 663 4 12000 1.0 69 331 55 77.0 91.0 3.0 - [19]
Zn-Z10, SSZ-13 673 3 3000 2.0 280 420 20 76.0 96.0 2.0 - [20]
ZnCrO, MOR-py 633 2.5 1857 25 260 480 1.0 91.0 95.0 5.0 - [24]

Zn0-Zr0, SAPO-34 673 1 3600 2.0 92 450 5.0 74.0 91.0 4.0 - [41]
ZnCr alloy DAY 623 2.1 6588 2.0 1.0 472 70 - 653 278 00  [42]
ZnCro, GeAPO-18 703 6 1500 2.5 850 320 20 83.0 92.0 7.0 - [43]

ZnCrO, as core SAPO-34 as shell 673 2 6480 2.0 1.0 362 80 64.3 25.0 3.0 - [46]
ZnCro, SAPO-34 673 2 5400 2.0 260 444 40 80.9 89.0 7.0 - [47]
ZnCrO, SAPO-34 673 4 5400 2.0 399 443 30 76.1 87.5 9.5 - [47]
ZnCro, SAPO-34 673 4 5400 2.0 21 576 17 84.4 90.5 7.8 - [48]

ZnCrAlO, SAPO-34 648 1 3000 2.0 260 460 20 82.0 92.0 6.0 - [49]
ZnCro, SAPO-34 673 4 5000 2.5 60.0 387 3.1 75.5 93.0 3.9 - [50]

Zn0-ZnCr,0, SAPO-34 673 1 3600 2.0 340 480 130 710 87.0 0.0 - [51]
ZnCro, H-SSZ-13 653 1 6000 2.0 209 480 6.0 70.8 87.7 6.3 - [52]
ZnCrO, AIPO-18 663 10 3600 1.0 493 490 20 83.0 870 110 - [53]
ZnCro, SAPO-18 653 1 6000 2.0 199 492 23 68.6 848 129 - [54]
ZnCrO, SAPO-17 673 4 1800 1.0 382 476 18 76.4 82.5 48 - [55]

ZnCrO, HoMS ~ H-MCM-22 673 2 12000 2.5 230 400 7.0 84.0 89.0 2.0 - [56]
ZnCrO, iﬁ:rgrg\ii ij 663 4 1200 1.0 267 465 13 87.6 89.8 8.1 - [58]
ZnCrO, lsrﬁ;:r;j/t i: 663 4 1200 1.0 315 465 20 81.4 90.3 75 - [58]
ZnALO, MOR 643 3 1500 1.0 100 440 5.0 77.0 12.0 6.0 - [59]

ZnO-Cr,0, ZSM-5 700 8.3 1780 - 377 500 25 - 259 720 700  [63]
ZnO-Cr,0, ZSM-5 673 4 360 0.5 629 705 37 - 407 556 445  [64]
Fe-ZnCr,0, H-ZSM-5 653 4 1500 1.0 400 480 4.0 3.0 170 810  73.0  [66]
ZnCro, H-ZSM-5 623 4 3000 1.0 260 350 1.0 9.0 150 840 700  [67]
ZnCr,0, H-ZSM-5 663 3 1500 1.0 326 469 2.1 29 151 828 760  [68]

Zn0-ZnCr,0, ZSM-5 623 4 3000 1.0 230 310 20 6.0 140 850 730  [69]
ZnCrO, ZSM-5 623 4 3000 1.0 298 348 05 6.0 149 845 699  [70]
Zn-ALO; SAPO-34 673 1 3600 2.0 45 461 104 770 89.6 5.9 - [78]
ZnAlO, BAI-CHA 623 1 2400 2.0 100 430 40 85.1 94.0 2.0 - [79]
ZnAlO, SAPO-34 673 3 3000 2.0 240 450 37 81.0 95.0 1.4 - [80]
ZnAlO, SAPO-35 673 3 3000 2.0 1.0 410 420 113 334 4.6 - [80]
ZnAlO, SAPO-17 673 3 3000 2.0 230 420 130 658 80.2 6.8 - [80]
ZnAlO, SAPO-18 673 3 3000 2.0 210 440 29 71.0 873 100 - [80]
ZnAlO, SAPO-11 623 3 3000 2.0 360 440 24 14.7 23 750 - [80]
ZnAlO, SAPO-31 623 3 3000 2.0 20 400 13 24.6 271 68.0 - [80]
ZnAlO, SAPO-5 673 3 3000 2.0 300 410 79 13.7 701 220 - [80]
ZnAlO, HY 673 3 3000 2.0 1.0 390 89 13.0 740 170 - [80]

(To be continued on the next page)
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(Continued)

Oxide Zeolite T(K) P(MPa) GHSV H/CO Xeo  Sco, Sem  Serci Seocs  Scs Swom  Ref.
ZnAlO, SAPO-18 673 3 4500 2.0 402 446 84 741 86.6 5.1 - (81]
ZnALO, SAPO-18 673 3 4500 2.0 348 439 90 70.7 86.0 5.0 - [82]

ZnO-ZnALO, AIPO-18 673 6 3000 1.0 4l6 472 23 79.3 854 117 - (83]
Mozigfg:’ed SAPO-34 673 3 3600 2.0 25 455 32 79.7 92.6 42 - [84]
Zn,Zr,0, SAPO-11 653 45 2400 1.0 304 490 20 - 230 69.8 - [85]
1CeZr0,-2ZnZ10,  ZSM-5@Si 693 3.6 500 2.0 580 450 3.0 1.0 20 780 760  [86]
Zn,Ce, ,Zry0, SAPO-34 573 0.1 5400 20 70 50 50 83.0 86.6 8.4 - [87]
Zr'd"p‘g} ZVAL g Apo.34 673 1 3600 2.0 80 460 130 750 87.0 0.0 - [88]
ZnCr alloy beta 623 21 4978 20 330 490 7.0 - 710 220 - [89]
Zn0 SAPO-34 663 4 1600 2.5 319 420 31 76.7 022 47 - [90]
Cr-Zn SAPO-34 673 1 3600 2.0 440 428 208 169 86.0 0.0 - 1]
ZnCrAl alloy ZSM-5 672 10 500 20 270 - 10.1 - 809 0.0 - [92]
ZnO-Cr,0;  silicon-alumina 683 1.1 - 2.0 560 461 299 - 60.5 7.9 17 93]

a) The T, P, GHSV, H,/CO, X¢q, Sx (X = CH,, C",—C", alkene, C,~C, alkane, Cs, and aromatics) represent the reaction temperature, total pressure, gas
hourly space velocity, the feed gas ratio of H,/CO, conversion rate of CO and selectivities of different products, respectively.

reaction was only 7.2% [42]. However, after a decade of
intensive research, the CO conversion rate has now reached
85%, with the olefin selectivity exceeding 80% [43]. By
changing the zeolite type, the products can be adjusted from
methanol [26,44,45] to light olefin with CHA (SAPO-34
[8,46-51], SSZ-13 [52]), AEI (AIPO-18 [53], SAPO-18
[54], GeAPO-18 [43]), ERI (SAPO-17 [55]), MWW (MCM-
22 [56]), MOR-Py [57] and SAPO-18/34 intergrowth [58]
zeolite, ester with MOR zeolite [59], Cs, hydrocarbon with
MWW (MCM-22 [60,61], MCM-49 [62]) zeolite and aro-
matic hydrocarbon with ZSM-5 zeolite [63—70]. Several
reports also focused on CO, hydrogenation using ZnCrO,-
ZEQ catalysts. For example, a ZnCr,04ZSM-5 catalyst [71]
achieves the highest aromatic yield to 20.0%, as a similar
yield (18.0%) also accomplished by nano-sized ZnCr,O,|
Sbx-H-ZSM-5 system [72] with higher CO, conversion
(37.5%) but lower aromatic selectivity (48.1%). Zn>" was
introduced by Zhang et al. [73] into ZSM-5 to enhance the
selectivity of aromatics, although the reason was still under
cover. Bao and co-workers [74] also reported ZnCrO, co-
operating with phosphorus-modified ZSM-5 zeolite to shield
the external acidic sites, synthesizing para-xylene in the
presence of toluene with high selectivity (85.3%). Recently,
Guo et al. [75] utilized ZnCrO,|H-ZSM-5 to reduce CO, to
trimethylbenzene (57.4% in aromatics) and ethylene (83.9%
in light olefins) with high selectivity. Additionally, catalysts
containing ZnCrO, and zeolite with TON (ZSM-22 [76]) and
RTH (H-RUB-13 [77]) topology were also found to be se-
lective for light olefin conversion, with 93% ethylene in light
olefin and 74% light olefin species in total for ZSM-22, and

84% light olefin selectivity for H-RUB-13.

The conversion of CO, on ZnAl,O, had been shown to be
more selective to methanol and resistant to sintering at high
temperatures [94,95]. Its ability to convert CO, to olefins via
OX-ZEO catalyst is also attractive. Li and co-workers [78]
first reported a hybrid Zn-Al,0;|SAPO-34 bifunctional cat-
alyst for STO with a low CO conversion (4.5%) but high C,_4
olefin selectivity (77%). Subsequently, a ZnAlO,|SAPO-34
achieving a higher CO conversion (6.9%) has been reported
with C,_4 olefins selectivity reaching 77.0% in hydrocarbons
and only 33.1% CO, selectivity under reaction conditions of
H,:CO = 1:1, space velocity = 12000 mL g ' h ™', 4.0 MPa
and 663 K [19]. Wu and co-workers [79] utilized ZnAlO,
with boron-assisted CHA type zeolite to achieve the highest
light olefin selectivity (85.1%) with moderate CO conversion
(10%). Wang and co-workers [18,80] developed a ZnAl,O,|
SAPO-34 catalyst with enhanced 24% CO conversion and
80% C,_, olefins selectivity. They also tested a series of
zeolites cooperating with ZnAl,O,, including SAPO-11,
SAPO-17, SAPO-18, SAPO-31, SAPO-35. Among these,
SAPO-17 showed 23% CO conversion and 65.8% light
olefin selectivity, while SAPO-11 and SAPO-31 exhibited
high Cs. species selectivity [80]. The highest CO conversion
rate for STO was achieved on ZnAlO,|AEI topology zeolite
(SAPO-18 [81,82], AIPO-18 [83]) catalysts, with CO con-
version >40% and 75%-80% C,_4 olefin selectivity. The
ZnAl,0, also achieved methyl acetate (MA) and acetic acid
(AA) selectivity of 85% and CO conversion of 11% at 643 K
with a ZnAl,O,H-MOR bifunctional catalyst [59]. More-
over, the ZnAlO, catalyst demonstrated excellent catalytic
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Table 2 Zn-based OX-ZEO bifunctional catalysts reported for CO, hydrogenation to various hydrocarbons and their performance

Oxide Zeolite T(K) P(MPa) GHSV H/CO Xeo, Sco  Sems Se,ci Scrcs  Scs. Saom  Ref.
ZnZtO,  Zn-modified SAPO-34 653 2 3600 3.0 126 470 3.0 80.0 94.0 3.0 - [10]
ZnAlO, ZSM-5 593 3 6000 3.0 60 550 04 19.3 193 803 739  [I1]
ZnALO, SAPO-34 643 3 5400 3.0 150 490 1.0 87.0 10.0 2.0 - 18]
ZnCr,0, ZSM-5 623 4 1200 39 234 273 05 3.0 9.3 87.1 853  [71]
ZnCr,0, Sbx-H-ZSM-5 623 2 300 3.0 375 850 17 - 383 600 48.1  [72]
ZnCrO, ZnZSM-5 593 5 2000 3.0 199 720 15 10.0 288 695 565  [73]
ZnCro, ZSM-5 663 4 15000 3.0 150 704 0.7 9.1 103 89.0 877 [74]
ZnCroO, H-ZSM-5 603 3 3000 3.0 175 400 3.0 26.1 351 69.6 646 [75]
ZnCr,0, ZSM-22 633 5 1200 3.1 219 576 15 25.6 740 133 - 176]
ZnZr0, H-RUB-13 623 3 4000 3.0 160 280 2.0 75.0 850  13.0 -
ZnCrO, H-RUB-13 623 3 4000 3.0 140 540 1.0 84.0 90.0 9.0 -

Mg-ZnZrO, H-RUB-13 623 3 4000 3.0 1.0 320 5.0 64.0 89.0 100 -
ZnALO, SAPO-34 593 3 1500 3.0 140 540 1.0 87.0 98.0 0.8 ~[96]
ZnALO, SAPO-18 593 3 1500 3.0 150 630 1.8 84.0 93.8 42 - [96]
ZnALO, H-SSZ-13 643 3 5400 3.0 140 600 2.0 1.6 95.0 14 - [96]
ZnALO, H-ZSM-11 643 3 5400 3.0 140 580 06 1.4 340 640 570 [96]
ZnALO, H-ZSM-5 643 3 5400 3.0 1.0 600 19 8.0 100  80.0 720  [96]
ZnALO, H-MOR 643 3 5400 3.0 170 600 3.0 9.1 85.0 2.9 - [96]
ZnALO, H-Beta 643 3 5400 3.0 160 600 25 35 740 200 10 [96]
ZnZ:0, MOR 648 1 2100 3.0 209 729 88 49.0 91.2 0.0 - 97
ZnZ10, FER 648 1 2100 3.0 235 901 00 263 616 384 - 97
ZnZ:0, MFI 648 1 2100 3.0 20 576 29 29.5 662 309 - 97
ZnZr0, SAPO-34 648 1 2100 3.0 179 7127 65 454 935 0.0 - 97
ZnZ:0, $S7-13 648 1 2100 3.0 280 708 49 16.8 853 100 - 97
ZnZ10, ERI 648 1 2100 3.0 236 807 77 38.8 923 0.0 - 97
ZnZtO,  SAPO-34@UIO-66 653 3 6000 3.0 140 500 3.0 78.0 96.0 1.0 — [98]
ZnZr0, Bio-SAPO-34 653 3 8000 3.0 138 400 1.0 83.0 99.0 0.0 —[99]

Mg-ZnZrO, SAPO-34 663 2 12000 3.0 170 530 8.0 83.0 90.0 3.0 ~  [100]

ZnZr0,@ALO, SAPO-34 653 3 3500 3.0 210 450 30 75.0 95.0 2.0 — o1
ZnZ:0, SAPO-34 653 3 6000 3.0 400 535 24 742 91.6 6.0 —[102]
ZnZr0, SSZ-13 633 2 4500 3.0 9.1 320 20 89.4 95.9 2.0 —[103]
ZnZ:10, ZSM-5 593 4 1800 3.0 140 440 00 4.0 180 8.0 780 [104]
ZnZr0, ZSM-5@Si0, 613 3 15000 3.0 120 800 2.0 40 210 770 750  [105]
ZnZ:0, H-ZSM-5 588 3 1020 3.0 170 230 3.0 15.0 280 690  60.0 [106]
ZnZrO, H-ZSM-5 598 3 4800 3.0 152 413 57 - 326 220 639 [107]
ZnZt0,  H-ZSM-5-15NHF 598 3 4800 3.0 176 363 55 - 169 785 775  [108]
ZnZr0, Mg-Si-ZSM-5 593 2 4800 3.0 70 220 00 - 530 470 200 [109]
ZnZ:0, MFI 648 1 2118 3.0 260 540 43 26.1 500 435 —  [110]
ZnZr0, H-MFI 623 3 4800 3.0 205 335 07 30.9 475 518 - [
ZnZ:10, H-MOR 623 3 4800 3.0 159 412 5.6 475 834 110 - [
ZnZr0, ZSM-11 573 3 1200 3.0 80 520 00 6.0 180 820 780 [112]

Zn0-Zr0, ZSM-5 613 4 7200 3.0 150 380 03 6.6 128 803 760 [113]
Zn0-Zr0, ZSM-5 613 3 4800 3.0 9.1 425 06 8.1 146 859 700 [114]
ZnZ10, Bio-ZSM-5 663 3 2000 3.0 105 820 55 64.4 94.5 0.0 — [115]
In-ZnZ1O, nano-ZSM-5 598 3 4000 3.0 138 198 02 1.5 7.0 920 900 [116]
ZnZr0, ZSM-5@n-Z10, 613 2 15600 3.0 95 343 1.0 81.1 98.0 1.0 - 117
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performance for CO, hydrogenation. The ZnAlO,|H-ZSM-5
catalyst achieved 73.9% aromatics selectivity with 9.1% CO,
conversion with H,:CO, = 3:1, 3.0 MPa, 593 K [11]. The
ZnAlO,|SAPO-34 also effectively reduced CO, to produce
light olefins, resulting in 87% C, 4 olefins selectivity and
15% CO, conversion [18]. Guo et al. [77] reported a ZnAlO,|
H-RUB-13 catalyst that suppressed the reverse water-gas
shift (RWGS) to only 32% CO selectivity, with 11% CO,
conversion and 64% light olefin selectivity. Wang and co-
workers [96] investigated the catalytic performance of spinel
ZnAl,0O, and several zeolites (SAPO-34, SAPO-18, H-SSZ-
13, H-ZSM-11, H-ZSM-5, H-MOR and H-Beta). They found
the highest light olefin selectivity (87%) with SAPO-34, the
highest propane selectivity (80%) with H-SSZ-13 and the
highest aromatic selectivity (72%) with H-ZSM-5.

The ZnZrO, catalyst holds significant promise in CO,
hydrogenation due to its non-toxicity, long-term durability,
and excellent catalytic performance in converting CO, to
methanol, olefins, and aromatics. Wang and co-workers [41]
first reported the ZnZrO,|SAPO-34 bifunctional catalyst for
efficient STO conversion, offering 9.2% CO conversion and
74% C,_4 olefin selectivity. They further optimized the CO
conversion by controlling the Zn/Zr ratio to adjust the hy-
drogenation ability of the oxide, achieving 28% CO con-
version and 76% C,_, olefin selectivity with Zn-doped ZrO,|
SSZ-13 catalyst [20]. Alternatively, Zhang et al. [84] syn-
thesized MOF-derived ZnZrO,|SAPO-34 bifunctional cata-
lyst via a Zn-UiO-66 calcination method, promoting CO
conversion to 22.5%. Liu et al. [85] reported a Zn,Zr,0,]
SAPO-11 catalyst with 30.4% CO conversion and 69.8% Cs,
selectivity. The highest olefin/aromatics conversion rate was
achieved by incorporating CeZrO, into ZnZrO, to decouple
the active sites for CO adsorption and H, activation, ele-
vating CO conversion to 58% with 76% aromatics selectivity
on 1CeZrO,-2ZnZr0,|ZSM-5@Si catalyst [86]. Significant
researches have focused on CO, hydrogenation with ZnZrO,
catalysts, compared to CO hydrogenation. Li and co-workers
[10] first reported ZnZrO,|Zn-modified SAPO-34 for CO,
hydrogenation, achieving 12.6% CO, conversion and 80%
light olefin selectivity, resulting in 10% CO, conversion rate.
Similar conversion rates (ranging from 8% to 12%) were
achieved with various modification to SAPO-34 zeolite in
ZnZrO,|SAPO-34 catalysts [97-99]. Strengthening CO, ad-
sorption by introducing MgO into ZnZrO, increased CO,
conversion, achieving conversion rates up to 14% [100]. The
stability of active sites during the hydrothermal treatment
was advanced by post pre-coating ZnZrO, with Al,Os, re-
sulting in a 16% CO, conversion rate with ZnZrO,@
ALO;@SAPO-34 catalyst [101]. Wang et al. [102] further ele-
vated the CO, conversion rate to approximately 30% using
12—-18 nm ZnZrO, nanoparticles with SAPO-34. Zeolite with
similar topology was also reported by Kenta and co-workers
[97], utilizing ZnZrO,|SSZ-13 with 28% CO, conversion but
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poor C,_, olefin selectivity (16.8%). Li and co-workers [103]
optimized the catalyst with ZnZrO, dispersing on SSZ-13,
achieving an 8% CO, conversion rate with 89.4% C,_, olefin
selectivity. Guo et al. [77] found that a ZnZrO,/H-RUB-13
catalyst suppressed the RWGS reaction with no obvious
decrease in CO, conversion rate (12%). There are also no-
table results for converting CO, to aromatics. Li et al. [104]
reported a ZnZrO,|ZSM-5 catalyst with 14% CO, conversion
and 78% aromatics selectivity, thus the total aromatics pro-
duction rate reaching 11%. Changing the distance between
ZnZrO, and the zeolite [105], or altering zeolite surface
structures using nanocrystals [106], introducing Zn*" ion
[107] or using NH,F [108] did not effectively affect the CO,
conversion rate, which remained within the range of 9%—
14%. The introduction of MgO and SiO,, as reported by Li
and co-workers [109], significantly enhanced the selectivity
of para-xylene from CO, hydrogenation, though the CO,
conversion rate severely suffered (<1.5%). Iyoki and co-
workers [97,110,111] utilized the ZnZrO,|H-ZSM-5 to pro-
duce light hydrocarbons, achieving CO, conversion within
20%—-26% and light hydrocarbon selectivity ranging from
47%—66%, depending on the pre-treatment of H-ZSM-5.
They also reported moderate catalytic performance when
ZnZrO, was combined with other topological zeolites (MOR
[97,111], FER [97] and ERI [97]). Additionally, Li and co-
workers [112] developed a unique ZnZrO,|ZSM-11 catalyst
with 8% CO, conversion and 78% aromatic selectivity.

Although the catalyst systems vary largely, the C,, product
yield for CO, hydrogenation is still less than 50%, offering
an ample room for further improvement (Figure 1). The
design of new catalysts would rely heavily on the deep un-
derstandings of the catalytic active sites and reaction me-
chanisms. As general aspects of syngas or CO, conversion
have been reviewed over the past few decades [118-122],
here we aim to provide a comprehensive review on the cat-
alytic active sites and reaction mechanism of CO, hydro-
genation on Zn-based catalysts from a fundamental point of
view. The following sections will serve to discuss the cata-
lytic active sites on three typical Zn-based mixed oxide
catalysts (Section 2) and explore the reaction mechanisms of
CO, hydrogenation on these Zn-based mixed oxide catalysts
(Section 3). The challenges and the future research directions
are outlooked at the end.

2 Catalytic active sites on Zn-based mixed
oxide catalyst

2.1 ZnCrO,

Numerous research groups have demonstrated that the Zn:Cr
ratio plays a crucial role in influencing the catalytic activity
and selectivity of both syngas-to-methanol and STO pro-
cesses [26,123-125]. Despite the general belief that stoi-
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chiometric ZnCr,0, in a spinel crystal form is the most stable
phase formed after calcination at high temperatures, it has
been observed that ZnCrO, catalysts with a Zn:Cr ratio of 1:2
exhibit poor catalytic performance. For instance, the syngas-
to-methanol activity is below 5 g kg cat” h' with only 14%
selectivity to methanol [123], and CO conversion is below
30% for the STO reaction [126]. Conversely, increasing the
Zn:Cr ratio to 1:1 significantly enhances CO conversion,
leading to higher product selectivity. The optimal catalytic
activity and selectivity for syngas-to-methanol are typically
achieved with a Zn:Cr ratio of 1:1, resulting in a methanol
yield of around 90 gkgcat” h™' and a selectivity of 80%
[123]. Similarly, for STO, CO conversion increases to 70%,
with olefin selectivity exceeding 80% with Zn:Cr ratio in the
range of 1:0.59 [126]. Therefore, understanding the structure
of ZnCrO, with a Zn:Cr ratio greater than 1:1 is of utmost
importance, particularly as the real surface structure of
ZnCrO, under reaction conditions remains a subject of de-
bate.

According to one perspective, the structure of ZnCrO, with
a Zn:Cr ratio larger than 1:1 comprises a combination of
spinel ZnCr,0O,4 and a ZnO layer. Various models have been
proposed to represent the active sites within this structure,
including ZnCr,0O, surfaces, Cr-doped ZnO, Zn-doped
Cr,03, and the ZnCr,0,//Zn0O interface. Specifically, for the
ZnCr,0, spinel surfaces, our previous work [127] demon-
strated that the most stable ZnCr,0, (111) surface exhibits
inert behavior toward syngas conversion, aligning with ex-
perimental results [41,123]. However, highly reduced
ZnCr,0, surfaces may exhibit good catalytic performance.
Xiao and co-workers [128] investigated the reaction network
of syngas conversion on the reduced ZnCr,0O, (111) surface
(Figure 2a) with a high concentration of Oys. Their study
revealed that the presence of 50% to 75% Oy concentration
significantly reduces the reaction energy barrier for syngas-
to-methanol conversion. Notably, they observed that CH,CO
exhibits a higher total reaction rate compared to CH;OH
under STO condition, with turnover frequencies (TOFs) of
71.6 and 1.94, respectively. Hu and co-workers [129] have
investigated the STO reaction pathways on the reduced
ZnCr,0, (110) surface (Figure 2b). They observed that the
surface featuring two adjacent two-coordinate Oys (denoted
as Voe) is favored for the initial adsorption of CO. Subse-
quently, hydrogen-assisted C—O bond breaking occurs,
leading to the formation of intermediate CHO adsorbents,
which significantly influence product selectivity. They
claimed that if the surface is only mildly reduced with diluted
Voac existing, CO could undergo continuous hydrogenation,
giving CH;OH an advantage over CH,CO. However, whe-
ther these high-concentration Oys exist under reaction con-
ditions is still an open question.

For the doped model, Li and co-workers [130] investigated
the activation of CO and H, on Cr-doped ZnO and Zn-doped
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Figure 2 (Color online) Various active surface structures hypothesized on
zinc-chromium oxide catalyst in syngas conversion process. (a) O-termi-
nated ZnCr,O, (111) surface with Cr at subsurface. Copyright with per-
mission of American Chemistry Society of ref. [128]. (b) ZnCr,0, (110)
surface with adjacent two oxygen vacancies (denoted as V,c). Copyright
with permission of American Chemistry Society of ref. [129]. (¢) ZnCr,0,//
ZnO double layered structure model. Copyright with permission of John
Wiley and Sons of ref. [69].

Cr,0O; surface models, resulting from ZnO/Cr,O; mixed
phase. The Cr;-substituted ZnO (1010) surface has been
synthesized and reported stable under diverse temperature
and pressure conditions [131]. The pristine ZnO (1010)
surface is active for H, heterolytic dissociation, and the
presence of Cr; increases the formation energy of Oys,
lowering the reactivity of H, dissociation. Conversely, the
pristine Cr,O5 (001) surface exhibits a lower formation en-
ergy of Oys, promoting reactivity even higher than that of
ZnO (1010) after the introduction of Zn, atom. Enhanced H,
activation has been reported on Zn,-substituted Cr,O; sur-
face while no improvement was found on Cr;-substituted
ZnO. The doped model provides new insights into designing
heterometal oxide catalysts, although no reaction pathways
on syngas conversion were developed.

For the ZnCr,0,//Zn0O interface model (Figure 2c), Tan
and co-workers [69] reported the synergistic effect of
ZnCr,0, and ZnO on the ZnCrO, spinel surface by physi-
cally mixing two components to avoid the formation of
ambiguous non-stoichiometric structures. Electron para-
magnetic resonance (EPR) spectra of various ZnO ratios
show that the Oys increase with the addition of ZnO, and
more oxygenates generated from syngas are observed with
in-situ Fourier transform-infrared spectroscopy (FT-IR), in-
dicating that the synergistic effect influences the adsorption
and conversion of intermediates. Bao and co-workers [126]
found that the CO conversion strongly depends on the Cr:Zn
ratio for the STO reaction on ZnCrO,-SAPO-18 catalyst with
the maximum CO conversion reached at a Cr:Zn ratio of
0.44:1 (Figure 3a). High-resolution scanning transmission
electron microscopy-electron energy loss spectroscopy
(HRSTEM-EELS) revealed a clear dependence of the C—O
dissociation activity on the surface structure (Figure 3b—e).
The narrow ZnCr,0, (110) facets (<1 nm width), constrained
between the (311) and (111) facets, had an enriched ZnO,
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Figure 3 (Color online) (a) CO conversion and product distribution as a
function of the Cr/Zn(n) molar ratio over ZnCr,-SAPO-18 composite cat-
alysts. Reaction conditions: 400 °C, 4.0 MPa, GHSV = 3000 mL g., ' h™,
H,/CO = 2.5, and OX/ZEO = 2. (b—e) STEM-EELS mapping of surface
carbon species, and elemental distribution of Cr and Zn over ZnCr, 4, upon
catalyzing CO dissociation. (b) ADF image of ZnCr,0, spinel survey area,
viewed from the [112] axis, with the green dashed line standing for the
narrow surface junctions along the ZnCr,0,(110) facet constrained between
the (311) and (111) facets; the white number showing the surface Cr/Zn
ratio and the green number showing the volumetric density of carbon
species on the corresponding surface. (c¢) HRSTEM image of the high-
lighted region of figure (b), with the inset illustrating the atomic structure of
ZnCr,0, spinel. (d) C, Cr, and Zn maps. (e) Line profile along the arrow
across the ZnO,©ZnCr,0,(110) surface. Copyright with permission of
American Chemistry Society of ref. [126].

overlayer. The line scanning analysis demonstrated that these
surfaces are characterized by an atomic overlayer of ZnO,
but a deficiency of zinc in the subsurface (at a depth of
2 nm). Their surface carbon density was two to three times
higher than that over the surface of ZnCr,0,(311) and
ZnCr,04(111) with an atomic ZnO, overlayer. It was an order
of magnitude higher than that over thick ZnO, layers, pure
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ZnO, and the stoichiometric ZnCr,0, surfaces of various
facets. Song et al. [123] proposed a model with double-layer
amorphous ZnO supported on spinel ZnCr,0,4 bulk, posses-
sing the lowest Oy, formation energy among various surface
structure candidates. As a result, the lowered Oy, formation
energy should promise higher activity for both STO and
syngas-to-methanol.

Another opinion proposed a non-stochiometric ZnCrO,
spinel  phase is the catalytic active phase
[44,45,124,127,132]. Tian et al. [132] revealed that zinc-rich
ZnCrO, with the best catalytic performance does not show
the presence of ZnO, as proved by high resolution trans-
mission electron microscope (HRTEM) and X-ray diffrac-
tion (XRD). The X-ray adsorption near edge structure
(XANES) and extended X-ray absorption fine structure
(EXAFS) analyses further indicated that the local environ-
ment of Zn and Cr differs significantly from those in ZnO
foil and Cr,0;. Tian et al. [133] also applied the XANES and
EXAFS to fresh and used ZnCrO, catalysts. They identified
two striking features associated with catalyst deactivation at
~9668 and ~9680 eV, respectively, implying that some Zn
ions transition from [ZnO,] to [ZnO¢] environment [133].

Recently, we proposed a non-stochiometric Zn;Cr;Oq
spinel phase (Figure 4a) utilizing a global neural network
(NN) and stochastic surface walking (SSW) global potential
energy surface (PES) sampling method [127]. We con-
structed the Zn-Cr-O ternary phase diagram within the range
of Zn:Cr = 0:1 to 1:1. The ZnCr,0, crystal from early ex-
perimental reports falls in the spinel region depicted in green,
and the thermodynamically stable spinel bulks from PES
global minimum are limited to the red dashed region. Among
these, a newly identified Zn;Cr;Og exhibits the highest
concentration (12.5%) of the unusual [ZnOg]g, in the bulk,
correlating with higher catalytic activity. Under a syngas
atmosphere, the spinel Zn;Cr;Og surface can undergo re-
duction with the higher Oy concentration than ZnCr,0,.
Particularly, the formation of subsurface Oy leads to an un-
precedented planar [CrO,],, site, instead of previous re-
ported pyramid [CrOs],,,. (Figure 4b), that forms dynamically
under reaction conditions, reducing the reaction barrier of
syngas-to-methanol process to approximately 1.2 eV. The
density of states (DOS) of ZnCr,O, (111) and Zn;Cr;O4
(0001) surface under syngas atmosphere reveals the intrinsic
difference between two typical surfaces, as depicted in Fig-
ure 4c, d. The excess electrons after reduction on ZnCr,O,
(111) surface locates above the bulk oxide valance band
maximum, owing to cr'’ in the [CrOs],yr geometry. How-
ever, on Zn;Cr;O0g (0001) surface, the excess electrons are
stabilized within the conductive band due to the Cr’" in
[CrOy],1. geometry. The high energy electrons on ZnCr,0,
(111) surface flows towards surface oxo species (CH,0),
leading to a strong adsorption and thus hinders the syngas-to-
methanol process.
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(0001) surfaces. Copyright with permission of Nature of ref. [127].

is denoted as O

We further simulated the XANES spectra of ZnCr,0, and
Zn;Cr;0q, and found that the first peak at ~9668 eV shifts to
a higher energy level as Zn:Cr ratio increases. These results
are well consistent with the experimental results, in which
fresh and used catalysts show similar XANES variation
trends after catalyst deactivation [133]. This suggested that
the real ZnCrO, surface in the STO process was likely the
non-stoichiometric spinel with a high Zn:Cr ratio, while the
Zn0-ZnCr,0, surface forms during deactivation process.

In summary, although various ZnCrO, catalyst models
have been proposed to elucidate active sites, they con-
sistently highlight the formation of high concentrations of
Oy. This common finding underscores the significance of Oy,
in these catalysts. Specifically, the high concentration of Oy,
leads to a reduction in the coordination numbers of Zn and Cr
atoms. This reduction enhances the catalyst’s capability to
adsorb hydrogen (H,) and carbon monoxide (CO), thereby
impacting its catalytic activity.

2.2 ZnAlO,

The ZnAlO, catalyst, specifically the ZnAl,O,, is a typical
normal spinel structured oxide with a wide energy band gap
(3.8-3.9eV). As a result, it has been widely used in semi-
conductors, sensors and heterogeneous catalysis due to its
low surface acidity, high thermal stability and superior hy-

. (¢, d) DOS before (black) and after (red) CH;0 adsorption on the (¢) ZnCr,0, Oy (111) and (d) Zn;Cr;05 Oy oy O

0.25 ML 0.25 ML ~ 0.25 ML

V,sub

drophobicity [134]. ZnAl,O,ZEO bifunctional catalysts
have been reported for both CO and CO, hydrogenation
process, as shown in Figure 1. It should be noted that the
catalytic performance of ZnAlO,, whether for the conversion
of CO or CO2 species, is still limited compared to state-of-
the-art catalysts using other oxides, ZnCrO, and ZnZrO,. The
total conversion rate is under 35% for CO hydrogenation and
under 20% for CO, hydrogenation. However, the perfor-
mance of ZnAlO, catalysts falls within the range of most
published results for ZnCrO, and ZnZrO,, implying that
there might be potential for improvement. Unfortunately,
only few studies have focused on ZnAl,O, due to its low
catalytic activity and the complex surface characteristics of
spinel oxides, which make it challenging to identify surface
structures, understand reaction mechanism, and thus make
further improvements on catalyst performance [94,135,136].

The important surface species and critical surface struc-
tures involved in the syngas-to-methanol process over the
spinel ZnAl,O, catalyst has been thoroughly investigated
using in situ high temperature/pressure magic angle spinning
(MAS) nuclear magnetic resonance (NMR) technology. The
results reveal that CO tends to insert into Al hydroxyl sites,
forming the key intermediate, formate species. This inter-
mediate then prefers to occupy the Zny-Oy site in close
proximity with active Aly-OH groups. Consequently, the
bidentate formate species was identified to coordinate on
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-Al-OH...Zny- dual active sites [137]. Yang and co-
workers [136] investigated the reaction network of syngas-
to-methanol on various ZnAl,O, surfaces, namely ZnAl,O,
(100), ZnAl,O,4 (110) and ZnAl,O,4 (111) via a combination
of periodic density functional theory (DFT) calculation and
microkinetic simulation. They found that the O-terminated
and hydroxylated surfaces were the possible active surfaces
under reaction condition, with the stability of these surface
decreasing in the order of (110)-B-1/4H > (111)-B-3/8H >
(110)-B-1/4H, as shown in Figure 5a. Among these, the
(111)-B-3/8H possesses unique electron holes near Fermi
energy levels and thus is identified as the most active surface
in the syngas-to-methanol process; while the other two have
little low-energy valence bands and exhibit overall barriers
greater than 1.9 eV with TOFs less than 10”s "' at 673 K and
4 MPa H, pressure.

However, experimental evidence suggests that compared
to the stoichiometric ZnAl,O, spinel structure, the non-
stoichiometric ZnAlO, catalyst with a Zn:Al ratio greater
than 1:2 exhibits higher CO, conversion rates. For example, a
Zn-Al binary oxide catalyst with Zn/Al = 2:1 ratio, instead of
previously reported spinel ZnAl,O,, has the highest metha-
nol formation rate. The X-ray photoelectron spectroscopy
(XPS) spectra in Figure 5b, monitoring fresh and spent Zn,
AlOQ,, indicated that the content of ZnAl,O, decreased from
46% (fresh Zn,AlO,) to 27% (spent Zn,AlO,), while that the
content of ZnO increased from 54% (fresh Zn,AlO,) to 73%
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(spent Zn,AlQ,). This suggests the critical role of amorphous
ZnO and the interfaces of Zn0O-Al,0; and/or ZnO-ZnAl,0,.
The high activity was believed to stem from the easier for-
mation of Oy in ZnO due to the absence of strong Al-O bonds
[138].

Similarly, a high CO conversion of 41.6% with a C,_,
olefin selectivity of 79.3% is achieved with a Zn/Al ratio of
1:1 by Xie and co-workers [83]. The scanning transmission
electron microscopy (STEM) image in Figure 5c, d clearly
shows that only several lattice stripes of spinel ZnAl,O, are
displayed in ZnAlO, sample with Zn:Al = 1:2, while that of
both spinel ZnAl,O, and ZnO are shown in sample with Zn:
Al = 1:1. The XANES and EXAFS spectra of Zn,AlO, de-
monstrate the existence of Zn-Al and Zn-Zn in the second
coordination shell, closely resembling that of ZnAl,O, and
ZnO. They believed that the ZnAl,O, spinel is the main
active site for CO activation, while its strong Lewis acid sites
severely adsorb methanol, inhibiting methanol desorption
and acting like a “trap” in the catalytic pathways. The pre-
sence of ZnO nanoparticles greatly suppresses the exposure
of strong acidic sites, according to NH;-TPD result, serving
as an anti-trap effect to improve the desorption of methanol.

Zhang et. al. [138] proposed a reaction-driven re-
constructed amorphous ZnO-ZnAl,O, double-layered model
based on in situ experimental evidences. During the syngas-
to-methanol conversion process, a 12-h induction period
exists for the spinel ZnAl,O, catalyst, implying possible
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Figure S (Color online) (a) Simulated structure of ZnAl,O, particle at 298 K according to the Wulff construction rule, containing the most stable structures
of ZnAl,0,(111), ZnAl,0,(100) and ZnAl,0O, (110) surface. Copyright with permission of Elsevier from ref. [136]. (b) Zn 2p (upper) and Al 2p (bottom) XPS
spectra of fresh Zn,AlO, and spent Zn,AlO,. Copyright with permission of Elsevier from ref. [138]. (c, d) Aberration-corrected STEM images of Zn, sA10,
(c) and Zn,AlO;, (d). Copyright with permission of American Chemistry Society from ref. [85].
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surface structural changes of the catalyst. However, XRD
shows no difference between spent and fresh catalyst, in-
dicating that the bulks structures remain identical. The ab-
sence of hydrogenated carbonate species peak on Al sites
(AI-OCOOH) in the spent ZnAl,O, catalyst, as observed by
in situ FT-IR and Raman spectroscopy, along with the high-
resolution STEM images, reveals that amorphous ZnO seg-
regates on the surface of reconstructed ZnAl,O, catalyst,
promoting H, activation and facilitating faster methanol
conversion.

In conclusion, the surface of ZnAlO, under reaction con-
dition is believed to consist of spinel ZnAl,O, and amor-
phous ZnO due to the presence of excess Zn atoms. ZnAlO,
catalyst, similar to ZnCrO, system, with Zn:Al ratio > 1:2 has
shown higher reaction activity and selectivity, although their
surface structures might be varied. The synergic interaction
between hydrogen on Zn-O-Zn surface and carbon species
on adjacent Zn-O-Al interface has been identified as the most
likely active sites, explaining the privileged performance of
zinc-rich ZnAlO,.

2.3 ZnZrO,

Unlike other Zn-based oxide catalysts with high Zn content,
such as ZnCrO, and ZnAlO, catalysts (e.g., Zn:Cr = 1:1 in
the ZnCrO, system), the Zn content in ZnZrO, active cata-
lysts can be extremely low. For instance, a ZnZrO, catalyst
with a Zn:Zr ratio of 1:200 exhibits good catalytic selectivity
(>60%) for converting syngas to methanol or DME over a
wide temperature range (575-675 K) [139]. The pure ZrO,/
SSZ-13 catalyst yields very low syngas conversion activity
(<5%). However, with just a 1.5% Zn addition, the activity
increases to over 20%. Further increasing the Zn content to
5.9%, the CO conversion reaches 29% with 77% selectivity
toward olefins [20]. Additionally, a ZnZrO, catalyst with a
Zn content of 13% exhibits methanol selectivity ranging
from 86% to 91% at a CO, conversion of more than 10%
during CO, hydrogenation reactions [13]. These experiments
suggest that even a minority presence of Zn could suffi-
ciently activate CO,/H,. Therefore, it is imperative to elu-
cidate the atomic structure and chemistry of ZnZrO, catalysts
to better understand their catalytic behavior.

One perspective suggests that Zn is doped into the ZrO,
lattice, leading to the formation of a ZnZrO, solid solution.
Co-precipitation of zinc oxide and zirconia results in a ma-
terial where zinc stabilizes the tetragonal phase of zirconia.
Zirconia typically exhibits a monoclinic crystal structure at
temperatures below 1170 °C, but the introduction of dopants
is known to stabilize the metastable tetragonal structure.
Several studies have observed a systematic shift in the (101)
Bragg reflection to higher 26 with increasing zinc loading
until zirconia-zinc saturation is reached at approximately
33 mol% Zn [13,140]. This shift is caused by the substitution
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of Zt*" (84 A) with Zn™" (74 A), which shrinks the tetragonal
lattice [141]. Additionally, FT-IR bands around 500 and
600—700 cm ' are associated with Zn—-O—Zn and Zn-O—Zr
vibrations, respectively [142], and ultraviolet-visible (UV-
vis) spectra of ZrO, change with the incorporation of Zn as a
dopant [143]. Pérez-Ramirez and colleagues [144] prepared
ZnZrO, catalysts using both flame spray pyrolysis (FSP) and
coprecipitation (CP) methods. Catalysts synthesized via FSP
systems (with up to 5 mol% Zn) exhibited three-fold higher
methanol productivity compared to their CP counterparts. In-
depth characterization and theoretical simulations revealed
that, unlike CP, FSP maximizes the surface area and pro-
motes the formation of atomically dispersed Zn”" sites in-
corporated into lattice positions within the ZrO, surface.

Huang and colleagues [145] conducted a study where they
prepared a series of ZnO-ZrO, composite oxides using the
co-precipitation method. They observed that as the Zr con-
tent increased, the phase structures of the ZnO-ZrO, com-
posite oxides evolved. Initially, they found a mixture of
hexagonal ZnO phase and Zn-doped ZrO, solid solution
phases. However, with increasing Zr content, the composite
oxides transitioned to a pure Zn-doped ZrO, solid solution
phase. This transformation was confirmed through metal
content analysis using XPS and inductively coupled plasma
(ICP) techniques (Figure 6a). Furthermore, they observed
that the pure Zn-doped ZrO, solid solution phase exhibited
high selectivity towards CH;OH production, with bidentate
formate species identified as the key intermediate. On the
other hand, ZnO, tetragonal ZrO, (t-ZrO,), monoclinic ZrO,
(m-Zr0O,), and mixed-phased ZnO-ZrO, composite oxides
displayed high selectivity towards CO production, with
carbonates/bicarbonates species identified as the key in ter-
mediate (Figure 6b).

Feng et al. [146] investigated formate formation and
conversion over the ZnZrO, solid solution catalyst using in
situ/operando diffuse reflectance infrared Fourier transform
spectroscopy-mass spectroscopy (DRIFTS-MS) coupled
with DFT calculations. Their study revealed that bidentate
carbonate, formed from CO, adsorption, is hydrogenated to
formate on asymmetric Zn—O—Zr sites. In these sites, the Zn
site facilitates H, activation, while the Zr site aids in stabi-
lizing reaction intermediates. The asymmetric Zn—-O—Zr
sites, with adjacent and inequivalent features on the ZnZrO,
catalyst, promote not only formate formation but also its
transformation. DFT calculations based on the ZnZrO, solid
solution model further validated the experimental results,
confirming the existence of the ZnZrO, solid solution. These
findings suggest that surface-available Zn”" ions embedded
in the zirconia crystal lattice, as part of a solid solution, in
synergy with Zr*" jons, constitute the active sites for CO,
hydrogenation.

Another perspective suggests that the Zn element pre-
dominantly exists in the form of ZnO supported on the ZrO,
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Figure 6 (Color online) The composition analysis and catalytic perfor-
mance for ZnZrO, catalyst with different Zn:Zr ratio. (a) Zn/(Zn + Zr)
ratios derived from XPS and ICP of ZnO-ZrO, composite catalyst as a
function of those derived from ICP. (b) Steady-state CO, conversion (while
sphere) and CO, CH,, CH;CH,0OH and CH;OH selectivity of ZnO, ZrO,
and ZnO-ZrO, composite oxides in CO, hydrogenation reaction at 593 K.
Copyright with the permission of Elsevier from ref. [145].

surface. Due to the low content of Zn, the ZnO phase is
challenging to detect by XRD. However, there is evidence
supporting the formation of small ZnO clusters. X-ray ab-
sorption spectroscopy indicates low Zn—Zn or Zn—Zr co-
ordination numbers, suggesting the presence of ZnO clusters
[147]. Enrichment of Zn on the ZrO, surface detected by
XPS implies that ZnO is predominantly located at the zir-
conia surface [148]. Even at low Zn content (Zn/Zr = 1/100),
individual lattice fringes of isolated ZnO were observed by
HRTEM, indicating the difficulty for Zn* to incorporate into
the ZrO, lattice and a preference for the formation of separate
ZnO phases [139]. Ex/in situ characterization techniques
have demonstrated that Zn"* species are mobile between the
solid solution phase with ZrO, and segregated ZnO clusters
[149]. Upon reductive heat treatments, partially reversible
ZnO cluster growth occurs above 250 °C, with eventual Zn
evaporation observed above 550 °C. Nikolajsen et al. [150]
prepared co-precipitated ZnO-ZrO, catalysts and found that
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the initial activity correlated with the amount of amorphous
ZnO on the support surface. They observed that catalytic
activity increased with time on stream as zinc oxide migrated
out of a solid solution with ZrO, and onto the support sur-
face. Consequently, the active phase appeared to be ZnO
surface species rather than zinc oxide in solid solution with
710,.

Theoretically, through the utilization of machine learning
(ML)-based large-scale atomistic simulation, we [151] in-
vestigated the PES of bulk ZnZrO, catalysts and discovered
that the bulk structures of ZnZrO,, regardless of Zn content,
were consistently less stable than individual monoclinic
ZrO, (m-Zr0O,) and ZnO, as evidenced by the positive bulk
formation energy (Figure 7a). This observation suggests that
ZnZrO, tends to segregate into ZnO and ZrO, biphases rather
than forming a solid solution. Upon further exploration of
surface biphase structures, the ZnO single layer on m-ZrO,
(001) represents the most stable interface structure (Figure
7b). In this configuration, the Zn-O single layer facilitates
high-temperature syngas conversion on the ZnZrO, system
by stabilizing the key reaction intermediate CHO species.
The highest occupied states exhibit salient difference be-
tween ZnO/m-ZrO, (001) and ZnO (1010). Compared to pure
Zn0O, ZnO/m-ZrO, have a much larger population of elec-
trons and holes near Fermi level, as shown in Figure 7c,
which would benefits the formation of key intermediate
CHO species.

Setting aside the conflicting views, it is proposed that a
Zn—0O-Zr structural pattern serves as a common feature for
both ZnZrO, solid solution and ZnO/ZrO, biphase, acting as
the key catalytic site for CO, activation. Maximizing the
number of Zn—O-Zr structural patterns may be crucial for
enhancing catalytic performance. Building upon this con-
cept, Zhang and colleagues [152] constructed Zn—O—Zr sites
within a metal-organic framework (MOF) to gain insights
into the structural requirements for methanol production.
This catalyst exhibited over 99% methanol selectivity in CO,
hydrogenation at 250 °C and achieved a high space-time
yield of up to 190.7 mgyeon 87, ' h . Similarly, Lin et al.
[153] prepared ZnO/ZrO, samples with various ZrO, poly-
morphic phases, including monoclinic, tetrahedral, and
amorphous forms. Among these, amorphous ZrO,, char-
acterized by the largest surface area, was found to increase
the Zn—O-Zr interface, resulting in the highest CO, con-
version.

Additionally, enhancing the Oy, content appears to be a
common feature irrespective of whether considering the
ZnZrO; solid solution or ZnO/ZrO, biphase views. Oper-
ando X-ray adsorption spectroscopy (XAS) coupled with
modulation excitation spectroscopy revealed that the surface
ZnO clusters were partly reduced under operating conditions,
resulting in surface ZnO, species with x approximately equal
to 0.98 [150]. In the ZnZrO, solid solution catalyst, in-situ
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Figure 7 (Color online) Thermodynamic of ZnZrO, bulk phase and stable Zn—O single layer structures on ZrO, surfaces revealed by SSW-NN simulation.
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3d orbital for the clean Zn—O/m-ZrO,(001) surface, CHO adsorbed Zn—O/m-ZrO,(001) surface and the clean ZnO (1010) surface. Copyright with the

permission of American Chemistry Society from ref. [151].

EPR spectroscopy confirmed the presence of Oy, where the
signal intensity of these Oys was significantly stronger for
the catalyst with the best CO, hydrogenation performance
compared to other catalysts [144]. DFT calculation demon-
strated that the Zn-doped ZrO, (101) surface exhibited ne-
gative Oy formation energy [154].

In summary, the surfaces of ZnZrO, catalysts likely expose
Zn atoms in various local environments, depending on the
preparation method. These environments may include in-
dividual Zn atoms substituted into the ZrO, matrix, Zn lo-
cated on the surface and at the interface of nanoclustered
ZnO, and Zn within larger segregated ZnO domains. Re-
gardless of the form of Zn elements, both the Zn—O—Zr in-
terface and the presence of Oy play pivotal roles in
determining the catalytic performance. Hence, finely tuning
these factors is crucial for optimizing catalytic activity.

3 Reaction mechanism of CO, hydrogenation
on Zn-based mixed oxide catalyst
3.1 CO hydrogenation mechanism

Syngas conversion on Fe- and Co-based metal catalysts ty-
pically follows the carbon chain growth mechanism, result-

ing in the presence of Anderson-Schulz-Flory (ASF)
distributions. In contrast, on Zn-based catalysts, a completely
different CO hydrogenation mechanism is observed. On a
pure ZnO surface, the formation of HCOO has been con-
firmed through ambient pressure XPS, evidenced by the
appearance of a C 1s peak at 289.9 ¢V at 400 K. The for-
mation of the HCOO  species involves both the oxidation of
CO and the hydrogenation process, with the lattice oxygen of
7ZnO believed to participate in the formation of HCOO . DFT
calculations have confirmed that the formation of HCOO is
thermodynamically preferred, with an accessible formation
energy barrier of 1.06 eV (Figure 8a) [155].

On the ZnCrO, catalyst, our previous work [127] proved
that the CO hydrogenation on ZnCrO, catalysts follows the
stepwise hydrogenation mechanism, CO — CHO —
CH,0— CH;0 — CH;0H/CHy,. In this mechanism, the rate-
determining step (RDS) is the hydrogenation of CH;O step,
which also determines the selectivity of CH;OH or CH,
(Figure 9a). On the reduced Zn;Cr;Oy surface, the reaction
channel leading to CH;OH is kinetically much more facile,
with a reaction barrier of 1.33 eV, whereas the formation of
CH, has a significant reaction barrier of 2.41 eV. The cal-
culated reaction barrier for methanol formation on the
Zn;Cr;0g surface aligns well with the experimental observed
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apparent activation energy of ~1.20eV (113 + 5kJ mol_l) When the ZnCrO, coupled with zeolite, CH,CO (ketene)
reported by Errani et al. [124]. was detected and considered a possible intermediate [8]. Hu
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Figure 9 (Color online) (a) Gibbs free energy reaction profiles for syngas
conversion rates on reduced ZnCr,0, (111) and Zn;Cr;04 (0001) surfaces
at 573 K and 2.5 MPa syngas (H,:CO = 1.5). The black and green lines
represent the reduced ZnCr,O, (111) and Zn;Cr;Og (0001) surfaces, re-
spectively. The asterisk indicates the adsorption state. The reaction snap-
shots are shown in the inset of (a): Zn, green; Cr, purple; O, red; O in CO,
orange. C, grey; H, white. Copyright with permission of Nature from ref.
[127]. (b, c)The energy profiles of the formation of (b) CH,CO and CH,,
and (c¢) CH,O, CH;0H, and CH, on reduced ZnCr,04(110) surface. The
rate-limiting steps of the formation of CH,CO and CH;OH are circled by
the black and red dotted lines, respectively. Copyright with permission of
American Chemistry Society from ref. [129].

and co-workers [129] performed systematic DFT calcula-
tions and microkinetic simulations to inspect the possible
elementary steps on the highly reduced ZnCr,0,(110) sur-
face, which quantitatively unveiled the favored reaction
pathways for CO activation and conversion. As shown in
Figure 9b, c, the conversion of CHO played a vital role in
product selectivity; the dissociation of CHO was identified to
proceed easily and constituted a major route responsible for
the formation of CH, and CH,CO through the following
pathway: CHO — CH + O; CH + H — CH,; CH, + CO —
CH,CO; or CH, + 2H — CH,. Alternatively, CHO could
undergo hydrogenation to give CH,O and CH;O inter-
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mediates, eventually leading to the formation of CH;OH and
CH,. The kinetic analyses on such a complex reaction net-
work disclosed that CH, is the dominant product, while both
CH,CO and CH;0H (i.e., two experimentally controversial
intermediates) exist in minority, with CH,CO being rela-
tively more readily formed. The kinetic model illustrated that
the selectivity for CH,CO and the formation of triggered
light olefins can be significantly improved over CH, if a
reaction channel converts CH,CO to light olefins when
zeolite is added. This provides insight into the bifunctionality
of the oxide/zeolite system.

Wang and co-workers [136] investigated the reaction
pathways for syngas-to-methanol on ZnAl,O, spinel oxide
surfaces. They considered four dominant reaction pathways:
Zn-CO stepwise, O-CO stepwise, concerted and Non-Hor-
iuti-Polanyi pathways. In the stepwise pathway, carbon-
containing species adsorb on metal (Zn-CO) or oxygen (O-
CO) sites, and the adsorbed hydrogen atom participates in
the reaction in a stepwise manner. In the concerted pathway,
a H, molecule fist heterolytically dissociates on O-Zn sites,
and then CO or CH,O directly reacts with proton and hydride
simultaneously. The Non-Horiuti-Polanyi pathway involves
the participation of H, molecule from gas-phase for the first
hydrogenation of CO or CH,O. They revealed that ZnAl,O,
(111) is the active surface for syngas conversion. The O-CO
stepwise pathway (1.33 eV) is most favored in the hydro-
genation of CO to CH,O process, followed by the concerted
pathway (1.56¢V), the Non-Horiuti-Polanyi pathway
(1.79 eV), and the Zn-CO stepwise pathway (1.93 eV)
(Figure 8b). Under typical simulation conditions of a total
pressure of 3 MPa and H,/CO = 1, the maximum overall
reaction rate is calculated to be ~13 s ' at ~628 K, agreeing
well with the reaction rate calculated under the experimental
conditions (~20 s at ~643 K) at the same 8% CO conver-
sion [18,59]. The apparent activation energy of syngas-to-
methanol on ZnAl,04(111) surface is theoretically deduced
to be ~79 kJ mol ', fitting within a temperature range of
473-773 K, which is similar with the experimental data of
87 kJ mol ' for syngas-to-methanol conversion on ZnAl,O,
[156].

Our previous work [151] explored possible reaction
pathways for syngas-to-methanol on a ZnO(1010) surface,
revealing a stepwise hydrogenation pathway mediated by
CHO, CH,0, and CH;0 (CO — CHO — CH,0 — CH;0 —
CH;0H), as shown in Figure 8c. However, the total reaction
energy barrier was found to be much higher (2.1 eV), sug-
gesting that the ZnO surface is inert for syngas conversion,
consistent with experimental observations. In contrast, a
single layer of ZnO supported on the m-ZrO, (001) surface
(Zn—0O/M(001)), representative of the ZnZrO, catalyst, cat-
alyzes syngas conversion with a dramatically decreased re-
action barrier of 1.56 eV. Microkinetic analysis yielded an
apparent activation energy of 83 kJ mol ', which aligns well
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with experimental values of 72 + 5 kJ mol™' on the ZnZrO,
(Zn% = 1/16) catalyst [20].

3.2 CO, hydrogenation mechanism

Generally speaking, there are two main routes for CO, hy-
drogenation to methanol. The first one is the formate path-
way, where CO, reacts with the pre-adsorbed surface atomic
hydrogen to form formate (HCOO) via either an Eley-Rideal
or Langmuir-Hinshelwood mechanism. The formate species
is further hydrogenated to dioxomethylene (H,COO%*), for-
maldehyde (H,CO¥*), methoxy (CH;0%*), and finally me-
thanol (CH;OH*). The other one is the RWGS + CO-hydro
pathway, where CO, is first converted to CO via the carboxyl
(COOH¥*) intermediate or direct dissociation. It is then hy-
drogenated to methanol via the formyl (HCO%*), for-
maldehyde (H,CO¥*), and methoxy (H;CO¥*) intermediates.
In the CO, hydrogenation process, the key elementary step is
the breaking of the C—O bond.

On ZnO(1010) surface, exposure to CO, leads to the for-
mation of surface carbonate species, which has been con-
firmed by near-edge X-ray absorption fine structure
(NEXAFS) [158] and HREELS studies [159]. DFT calcu-
lations [159] suggested that the optimal adsorbate structure
for CO, manifests as a tridentate configuration. In this con-
figuration, the carbon atom forms a bond with a surface
threefold coordinated O site, and both oxygen atoms in CO,
interact with adjacent threefold coordinated Zn sites. Upon
elevating the temperature, ambient pressure (AP)-syngas-to-
methanol and AP-XPS measurements [155] showed the
formation of formate species, pointing to the transformation
of CO, to formate. DFT calculations indicated that formate
species can easily form through the reaction of CO, with a
hydride bonded to the surface Zn,, site, with the energy
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barrier of only 0.3 eV. Zhao et al. [157] found that the for-
mations of both HCOO and CO;> species on the perfect
Zn0O(0001) surface are spontaneous upon exposure to a CO,
and H, mixture (Figure 10a). Since both HCOO™ and CO;>
are very stable on the surface, their further conversion to
other reaction intermediates is extremely difficult. This leads
to the accumulation of both HCOO and CO;”~ species, ex-
plaining why these species are typically observed on ZnO
catalyst surfaces in experiments. Similar results have also
been reported by Medford et al. [160].

On Zn-based mixed oxides surfaces, these steps proceed
readily due to the presence of new metal sites and surface
Oys, as one oxygen atom from CO, or its hydrogenation
intermediates will replenish the surface vacancy during the
conversion. CO;”, HCO, , HCOO* and CH;0* species are
identified on ZnCrO;, surface by several groups utilizing in-
situ DRIFTS [71-73,75]. Similarly, the signal of HCOO*
and CH;0%* species are observed by operando DRIFTS and
FT-IR on ZnAl,O, catalyst surface [11,18].

For the ZnZrO, catalyst, Wang et al. [ 13] performed the in-
situ DRIFTS and DFT calculation to understand the reaction
mechanisms of CO, hydrogenation on ZnZrO, solid solution
catalyst. In situ DRIFTS results show that the surface
HCOO* and H;CO* species on the ZnO-ZrO, solid solution
catalyst can be hydrogenated to methanol. DFT calculations
reveal that CO, hydrogenation to methanol on the surface of
Zn0-Zr0, follows the formate pathway rather than the CO
pathway, as illustrated in Figure 10b. In this pathway, H, is
adsorbed and dissociated on the Zn site, while CO, is ad-
sorbed on the coordination unsaturated Zr site. The CO,*
transforms into HCOO* species via hydrogenation. These
HCOO¥* species are further hydrogenated to the H,COO*
species, which are then protonated by an OH* group and
form H,COOH* species. The C-O bond in H,COOH* is
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Figure 10 (Color online) (a) CO, hydrogenation and dissociation on the ZnO(0001) surface. The activation barriers listed in the figure include zero point
energy (ZPE) corrections. Copyright with permission of American Chemistry Society of ref. [157]. (b) Reaction diagram (energy (£) and Gibbs free energy
(G) at a typical reaction temperature of 593 K) of CO, hydrogenation to methanol on the (101) surface of the tetragonal ZnO-ZrO, model. Copyright with
permission from American Association for the Advancement of Science of ref. [13].
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cleaved, generating H,CO* and OH* bound on Zr and Zn
sites, respectively. The generated H,CO* is hydrogenated to
H;CO*, and methanol forms from the protonation of H;CO*.
Conversely, in the CO pathway, COOH* is much less stable
than HCOO¥*, requiring a large barrier of 0.69 eV to form,
which is unfavorable compared to the barrier-less process of
CO,* + H* — HCOO*. Similar results were also obtained on
the reduced ZnZrO, solid solution surface [154].

4 Summary and outlook

The catalytic synthesis of valuable hydrocarbons via CO,
hydrogenation represents an important, non-petroleum route
towards future clean-energy society. The Zn-based oxide
catalysts have emerged as one of the most important candi-
dates for such synthesis. Continuous efforts have been de-
voted to searching for new elements and materials to tune
CO, and H, adsorption and activation, and invent new cat-
alyst preparation methods to address catalytic activity and
long-term stability.

Although debates persist regarding the exact nature of the
catalytic active sites in various Zn-based mixed oxides,
certain consensuses have been reached in the past years. For
instance, the concentration of Oy and the excess Zn in
ZnM,0, (M = Zn, Al) and ZrO, are two significant catalytic
descriptors for future catalyst design. The Zn-based oxides
are prone to partial removal of lattice oxygen and the for-
mation of Oys during calcination or reduction processes.
These Oys, with unpaired electrons, can weaken C—O bonds
and enhance the adsorption of CO, [127,130,136,151]. The
exposed active structures of Zn-based oxides do differ in the
CO and CO, hydrogenation due to the distinct reductive
abilities of CO and H,. Specifically, in CO hydrogenation,
CO has a much stronger reductive ability compared to H,,
resulting in a higher concentration of Oys on the Zn-based
oxide surfaces [127]. In contrast, during CO, hydrogenation,
only H, is available in reducing the oxide surface and as a
result, the Oy concentration is significantly lower. This dif-
ference in Oy concentration directly affects the catalytic
activity and the reaction mechanisms involved. Although
increasing the concentration of Oys has been shown to en-
hance reaction activity, conflicting studies suggest that a too
high surface Oy concentration may actually reduce reaction
activity and product selectivity [161,162]. Therefore, further
operando research is needed to elucidate the impact of the
Oy concentration under experimental reaction conditions.
For example, for the Zn;Cr;Oy spinel phase at room tem-
perature and vacuum conditions, only the surface Oy can be
formed with a concentration of 0.25 monolayer. At this
concentration, the metal site is inert for the syngas-to-me-
thanol reaction. However, under reaction conditions, besides
the surface Oy, the subsurface O, with a concentration of
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0.25 monolayer also forms, leading to the creation of the real
active site for the syngas-to-methanol reaction [127].
Therefore, although the surface science (low pressure)
characterization can provide valuable insights into the sur-
face properties, one must bear in mind that dramatic structure
difference may occur under realistic reaction conditions.

Moreover, the atomic configuration and valence state of
the extra Zn are not yet well understood. In particular, there
is a lack of a quantitative metric to evaluate the interaction
between extra Zn and different supports. Questions remain
about when and how Zn incorporates into the lattice matrix
of supports and Zn forms strong metal-support interactions
(SMSI), which is critical to control the catalyst synthesis and
guide the activity optimization.

For the reaction mechanism, CO, hydrogenation on dif-
ferent Zn-based mixed oxides follows very similar reaction
pathways but exhibits different reaction rates. As above
mentioned, the CO conversion rate can reach 80% on
ZnCrO,, while it is lower on ZnAlO, and ZnZrO,. This ab-
normal variation in reaction rates and activation energies is
attributed to differences in the reaction profile types. By
comparing the free energy profiles on different catalysts, we
can categorize these reactions into two types: early-RDS and
late-RDS types. The early-RDS type refers to situations
where the RDS occurs in the first half of the reaction curve
relating to the reactant activation, whereas the late-RDS type
refers to the RDS occurring in the latter half on the product
release (Figure 11). The weak interaction between Zn, Al,
and Zr with CO leads to early-RDS curves for ZnO, ZnAlO,,
and ZnZrO, systems, with the apparent activation energy in
the range of 80-90 kJ mol”’ [136,151]. In contrast, the strong
interaction between Cr and CO results in a late-RDS curve
for the ZnCrO, system, with the apparent activation energy
exceeding 110 kJ mol”' [124]. According to microkinetic
simulations, the free energy barrier for the early-RDS curves
could include the entropy loss during the adsorption and
activation of the reactant molecule, which is temperature
dependent and not reflected in the apparent activation en-
ergy. Therefore, the early-RDS curves may exhibit lower
apparent activation energies. In contrast, the energy barrier
for the late-RDS curves relates to the formation of reaction
intermediates and products, which are generally surface re-
combination reactions and it is usually consistent with the
apparent activation energy. Therefore, a low apparent acti-
vation energy is not necessarily associated with a high re-
action rate. To further improve catalytic activity, it is
beneficial to balance the two types of reaction profiles,
which might be achievable by mixing two types of materials
to generate the optimal reaction curve.

Considering the great structural complexity of mixed oxide
system and the high temperature nature of these catalytic
processes, it is no wonder that many questions remain on the
nature of the active site and their interplay with the catalytic
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Figure 11 (Color online) The early-RDS and late-RDS types free energy
profiles for Zn-based oxide catalysts.

activity and selectivity. These questions provide a concrete
handle to probe these mixed oxide systems via improving
scientific instruments, and will certainly guide the future
research to design better oxide catalysts to achieve CO,
hydrogenation with high activity and selectivity.
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