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A B S T R A C T   

Structural destruction, for example via the solid disproportionation reaction (SDR), is one of the main causes of 
catalyst deactivation that often lacks atomic level understanding due to the strong coupling of reaction condi-
tions and the long-time scale of the structural evolution. Here by using machine-learning-based atomic simu-
lations we are able to clarify the detailed deactivation mechanism of the nonstoichiometric zinc-chromium oxide 
(ZnCrxOy) catalyst, an important industrial catalyst for syngas conversion. We show that the reductive reaction 
conditions first lead to the generation of surface and subsurface oxygen vacancies, and the subsequent cation 
migration via the replacement of subsurface Zn by surface Cr kills the catalyst activity by diminishing the active 
surface planer [CrO4] sites. The rate-determining step, the Zn/Cr cation migration, is exothermic towards 
forming stoichiometric ZnCr2O4, and has an accessible barrier (~1.7 eV) under syngas conversion reaction 
conditions, indicating that the long-term deactivation is inevitable. By screening a set of additive elements, we 
demonstrate that Al element is an effective inhibitor to impede the formation of subsurface oxygen vacancy, the 
initial step of SDR. Our findings demonstrate the power of machine-learning-based atomic simulations in 
elucidating complex structural transformations and provide directions to mitigate ZnCrxOy catalyst deactivation.   

1. Introduction 

Catalyst durability under harsh reaction conditions is a key concern 
in industrial applications. Zinc-chromium oxide (ZnCrxOy) catalyst, the 
first-generation industrial catalyst for syngas-to-methanol conversion 
[1–2], was renowned for the high-temperature deactivation problem in 
a long-term operation, which limits its large-scale applications, in 
particular for the recently identified catalytic syngas-to-olefin conver-
sion when ZnCrxOy is used in combination with zeolite working above 
600 K [3]. In general, the catalyst with a nonstoichiometric Zn:Cr ratio 
of 1:1 is the most active composition, which undergoes severe deacti-
vation, e.g. from 80 wt% to 60 wt% for syngas-to-alcohol selectivity 
after 1000 h [4]. The increase of the reaction temperature aggravates the 
deactivation, e.g. from 392 g kgcat

-1 h− 1 at 623 K to 194 g kgcat
-1 h− 1 at 673 

for methanol yield [5]. It is of great significance to understand the 
deactivation mechanism and find measures to prevent the catalyst 

degradation. 
The active ZnCrxOy catalysts generally have a face-centered cubic 

sublattice formed by O2− anions, the characteristics of spinel phase, but 
with different Zn and Cr occupations in the interstitial tetrahedral and 
octahedral sites. The least active phase, a stoichiometric ZnCr2O4 spinel 
crystal, is the most stable phase as it forms after high-temperature 
calcination, where Zn2+ and Cr3+ cations are located in tetrahedral 
and octahedral sites ([ZnO4] and [CrO6]), respectively. With Zn:Cr ratio 
larger than 1:2, there are a series of nonstoichiometric Z ZnCrxOy spinel 
phases identified from Zn-Cr-O three phase diagram, including the 
metastable Zn5Cr7O16, Zn3Cr3O8 phases, etc. [6]. These non-
stoichiometric ZnCrxOy spinel phases contain the special [ZnO6) struc-
tural pattern (Zn at octahedral site) [5–12]. 

By characterizing the structure of ZnCrxOy catalyst, it was shown that 
the coordination environments of cations change dramatically during 
reaction. The X-ray absorption near edge structure (XANES) spectra 
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show that the fresh and used ZnCrxOy catalysts after 1000 h reaction 
differ obviously in the intensity at two peaks, i.e. peak A at 9665 ~ 9675 
eV and peak B at 9678 ~ 9685 eV (Fig. 1a). The shift to high energy and 
decrease of A and increase of B are attributed to the redistribution of 
bulk Zn from octahedral to tetrahedral sites.4 In addition, the X-ray 
diffraction (XRD) shows that the lattice parameter of the spinel phase 
decreases from 8.36 Å to 8.32 Å (ZnCr2O4) and a ZnO peak emerges and 
grows over reaction time [5,9,13]. It was therefore proposed that the 
deactivation of ZnCrxOy catalyst (Zn:Cr > 1:2) is caused by solid 
disproportionation reaction (SDR), where the less stable non-
stoichiometric ZnCrxOy spinel phase ejects ZnO to form the stoichio-
metric ZnCr2O4 phase, following the reaction formula: ZnCrxOy->
ZnCr2O4 + ZnO [5,7–10]. 

In fact, SDR is a special solid phase transition with important in-
dustrial application for the production of cement and catalyst synthesis. 
By definition, in SDR a single solid compound undergoes the atomic 
rearrangement and decomposition, resulting in the formation of two or 
more different compounds. For ZnCrxOy SDR, it involves a number of 
reaction events, including the disappearance of [ZnO6], the regeneration 
of [CrO6] and the agglomeration of Zn element, where the slip and 
deformation of structural units must occur in accompanied with the 
atom long-distance migration [14–15]. Due to the complexity of SDR, 
the atomic-level understanding of the SDR process is difficult to achieve 
from experiment and no detailed mechanism is now available to ratio-
nalize the deactivation process for ZnCrxOy, not even mentioning to 
rationally prevent the catalyst deactivation. 

On the other hand, the theoretical simulations have been widely 
practiced in modeling catalyst structures and predicting the catalytic 
activity. The atomic simulations based on density functional theory 
(DFT), although being available in the 1960 s, fails to explore the phase 
space of complex SDR owing to its high computational cost. As practiced 
by our group in recent years [6,16–17], the large-scale atomic simula-
tions of complex materials are now feasible with the advent of global 
neural network (G-NN) potential, which achieves several orders of 
magnitude (>104) speed-up at the similar accuracy compared to DFT 
calculations. 

Here by combining a state-of-art G-NN potential and efficient po-
tential energy surface (PES) exploration methods, we are able to reveal 
the mechanism of ZnCrxOy SDR by examining the vast structural space 
and identifying the lowest energy evolution process of ZnCrxOy. The key 
events in SDR are identified: the oxygen anion migration to form sub-
surface oxygen vacancy and the Zn/Cr cation exchange with the sub-
surface Zn replaced by the surface Cr. We further show that the Al 
element is a good additive to slow down the SDR rate. 

2. Computational details 

Our approach for resolving complex oxide structures is based on the 
G-NN-based PES explorations methods as implemented in LASP code 
[18], which shows the great potential to resolve the complex catalyst 
structure in heterogeneous catalysis [16]. In particular, the stochastic 
surface walking (SSW) algorithm, an unbiased global optimization 
method, is utilized for global structure search and pathway sampling 
[19], and the molecular dynamics (MD) simulation is used to obtain the 
high-temperature long-time trajectory of anion and cation migrations. 

The machine learning G-NN potential is generated by iterative self- 
learning of the plane wave DFT global dataset generated from global 
PES exploration. More details about the construction of G-NN potential 
can be found in our previous work.6 The final energy and force criteria of 
the root mean square errors for Zn-Cr-O (Zn-Cr-Al-O) NN potentials were 
around 4.3 (6.2) meV/atom and 0.13 (0.15) eV/Å respectively. DFT 
calculations are utilized to validate the low energy structures to confirm 
the identified global minimum and all energetics reported here are from 
DFT without specifically mentioning. The MD-NN simulation is per-
formed on the canonical ensemble (NVT) at different temperatures. The 
MD simulation runs for at least 2 ns with the time step of 1 fs. 

The DFT calculations utilized to generate the global dataset and 
validate the reaction profiles are performed by using plane wave DFT 
code, VASP, where electron–ion interaction is represented by the pro-
jector augmented wave (PAW) pseudopotential [20–21]. The exchan-
ge–correlation functional utilized is the GGA-PBE [22] with Hubbard- 
like term (Ueff) correction describing the on-site Coulombic interac-
tion. The Ueff value for the Cr 3d orbital is 3.3 eV [6]. The valence 
electrons were expanded in a plane-wave basis set within a cutoff energy 
of 400 eV. The first Brillion zone k-point sampling utilizes an automated 
Monkhorst-Pack scheme with the mesh determined by 18 times of the 
reciprocal lattice vectors (18 Å− 1). The energy and force criterions for 
convergence of the electron density and structure optimization were set 
at 10-6 eV and 0.02 eV/Å, respectively. Transition states (TSs) for all the 

Fig. 1. (a) The experiment and (b) simulated Zn K-edge XANES spectra of 
ZnCrxOy catalyst. The experimental data of XANES spectrum is from reference 
4. (c) The structure of the Zn3Cr3O8 (0001) and ZnCr2O4 (111), the most stable 
surfaces of the nonstoichiometric Zn3Cr3O8 and stoichiometric ZnCr2O4. The 
gray, light blue and red/orange represent the Zn, Cr and surface/subsurface O 
atoms, respectively. 
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elementary reactions were located using the efficient double-ended 
surface walking (DESW) method [23–24]. 

To determine the Ov formation energy, ab initio thermodynamics 
analyses are performed with equation (1) to compute the Gibbs free 
energy change (ΔGOv) under the reaction conditions (H2 at 673 K and 
2.5 MPa syngas pressure):  

ZnCrxOy + nH2 → ZnCrxOy-n + H2O                                                 (1) 

The Zn K-edge XANES spectrum is simulated by using the FDMNES 
software developed by Yves Joly [25]. Only atoms within the sphere 
radius of 6 Å formed by absorbing atoms are considered in the final state 
calculation. 

3. Results 

3.1. Zn-XANES spectrum simulation 

Our investigation starts from the XANES simulation of several likely 
ZnCrxOy bulk crystals to achieve a basic understanding of how catalyst 
evolves under reaction conditions. Both the stoichiometric ZnCr2O4 and 
nonstoichiometric ZnCrxOy (Zn5Cr7O16 and Zn3Cr3O8) spinel phases are 
simulated with the bulk crystal structure obtained from our previous 
work [6]. 

Fig. 1b illustrates the simulated Zn K-edge XANES spectra of three 
ZnCrxOy phases. The A and B peaks appear at 9660–9670 and 
9680–9690 eV, respectively. With the decrease of Zn:Cr ratio from 1:1 to 
1:2, the peak A shifts to the higher energy accompanied by the intensity 
decrease while the intensity of peak B increases. This reproduces the 
variations observed in the experimental XANES spectra for both fresh 

and used ZnCrxOy catalysts after the 1000 h catalyst testing (Fig. 1a). It 
implies the presence of these nonstoichiometric Zn5Cr7O16 and 
Zn3Cr3O8 phases in the fresh ZnCrxOy catalyst and the phase transition 
to ZnCr2O4 phase after a long-time reaction. Therefore, we choose the 
Zn3Cr3O8 crystalline phase as the model for investigating the SDR 
mechanism, which has the maximum [ZnO6] concentration6 for the 
nonstoichiometric ZnCrxOy spinel phase. 

3.2. Thermodynamics and kinetics of anion and cation migration during 
SDR 

Starting from the most stable Zn3Cr3O8 (0001) surface,6 we investi-
gated the key steps of ZnCrxOy SDR by focusing on the migration of O 
anion and Zn/Cr cations. The Zn3Cr3O8 (0001) surface features the 
unique [ZnO6] structure pattern in subsurface layer, which switches to 
the [CrO6] in the most stable ZnCr2O4 (111) surface, see Fig. 1c and 
Supporting Information (SI) Fig. S1. A number of likely pathways for the 
anion and cation migrations have been explored by using the SSW-NN 
method and the most energetically favored pathways are shown in 
Fig. 2. Others can be found in SI Figs. S2 and S3. 

Fig. 2a depicts the Gibbs free energy profiles of the migration of 
surface and subsurface O atoms. The animation of the pathway can 
better describe the complex process and included in SI Movie 1. Starting 
from the perfect Zn3Cr3O8 (0001) surface, two surface O atoms can be 
readily removed by reacting with H2 sequentially, which releases the 
energy of 0.44 and 0.36 eV. The resulted two Ovs are separated by a 
surface O[1] atom (state i in Fig. 2a). This surface O[1] atom can migrate 
to fill one of the Ovs with a migration barrier of 1.10 eV (state ii in 
Fig. 2a). Subsequently, the subsurface O[2] can move to the surface to 

Fig. 2. Gibbs free energy profile of movements of anion and cations at 673 K and 2.5 MPa syngas pressure, i.e. (a) the surface and subsurface O migration to form 
subsurface Ov and (b) the replacement of subsurface [ZnO6] by surface [CrO6]. The reaction snapshots are also shown in the figure. 
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occupy the surface Ov, forming the subsurface Ov (state iii in Fig. 2a). 
The formation of subsurface Ov leads to the generation of planar 
[CrO4]pla structural unit, identified previously as the key catalytic active 
site for syngas-to-methanol conversion.6 The subsurface O migration 
requires to overcome an energy barrier of 1.24 eV, which becomes 
feasible under reaction conditions (>600 K). It suggests that the anion 
movement and thus the dynamics of Ov are common events during 
syngas conversion. 

From the thermodynamics of Ov formation, the surface and subsur-
face Ov concentration on the Zn3Cr3O8 (0001) surface can finally reach 
to 0.25 monolayer (ML, with respect to all O atoms at the same layer), as 
already revealed by our previous work.6 By further performing SSW-NN 
simulations, we found that the presence of subsurface Ov opens the 
channel for the cation migration. The cation migration channels are 
therefore exhaustively explored by using SSW-NN pathway search on 
the O-defective Zn3Cr3O8 (0001) surface with the Ov concentrations of 
0.25 ML on both surface and subsurface. The most favorable migration 
channel relating to Cr migration is thus identified, where the subsurface 
[ZnO6] is replaced by surface [CrO6] via the collective moment of sur-
face/subsurface atoms near a subsurface Ov, as plotted in Fig. 2b. The 
animation of the pathway can be found in SI Movie 2. 

To start the Cr migration, the surface O[0] and Cr[2] ([CrO4]pla) 
atoms nearby the subsurface Ov sink to the subsurface, where O[0] and 
Cr[2] atoms move towards the subsurface Ov and the neighboring sub-
surface [ZnO6], respectively (state i to ii in Fig. 2b). The reaction has a 
free energy barrier of 1.33 eV and is endothermic by 1.29 eV. Mean-
while, the surface Zn[1] atom moves towards the position initially 
occupied by Cr[2] atom with the energy release of 0.68 eV and a small 
energy barrier of 0.01 eV (state ii to iii in Fig. 2b). Next, the Cr[2] atom 
occupies the subsurface octahedral center and squeezes out the original 
Zn[3] atom ([ZnO6)). The Zn[3] atom moves towards the subsurface 
[ZnO4] to occupy the tetrahedral center by pushing the Zn[4] into the 
[CrO6] vacancy at the surface layer. This process needs to overcome 
1.07 eV energy barriers and strongly exothermic by 1.82 eV. It finally 
fulfills the replacement of subsurface [ZnO6] by surface [CrO6]. 

Briefly, the exchange between subsurface [ZnO6] and surface [CrO6] 
involves a series of cation positions exchange, starting with Zn[1] and 
ending with Zn[4], with Cr[2] and Zn[3] involved, i.e., Zn[1] -> Cr[2] 
-> Zn[3] -> Zn[4]. These exchanges ultimately result in the disap-
pearance of [ZnO6], the increase of subsurface Cr concentration and the 
increase of surface Zn:Cr ratio. More importantly, the first step of the 
replacement of subsurface Zn by surface Cr is the sink of the [CrO4]pla 
site into the subsurface layer, causing the disappearance of [CrO4]pla 
catalytic active site — the origin for the activity drop. 

The replacement of [ZnO6] by [CrO6] is identified as the rate- 
determining step of SDR with the energy barrier of 1.69 eV, corre-
sponding to the reaction rate of 0.01 ~ 2 s− 1 at typical syngas conversion 
conditions (573 ~ 673 K). To compare with experimental data, we es-
timate the experimental catalyst degradation barrier as follows. Based 
on the experimental data that the selectivity of syngas-to-alcohol de-
creases over time from 80 wt% to 60 wt% after 1000 hours4 and the 
methanol yield is approximately 200 g kgcat

-1 h− 1 at 673 K,5 the catalyst 
deactivation rate is therefore approximately 0.04 g kgcat

-1 h− 1 with the 
ratio of deactivation rate to reaction rate of approximately 1:10000. This 
information, along with the apparent experimental activation energy for 
syngas-to-methanol of ~ 1.20 eV (113 ± 5 kJ mol− 1),9 allows for the 
estimation of the SDR energy barrier of 1.73 eV (see SI method). 
Therefore, the experimental barrier is well consistent with our theoret-
ical results. 

3.3. SDR from MD-NN simulation 

To further observe the temperature-dependence of the SDR, we 
performed long-time MD simulations based on G-NN potential. Our 
simulation utilizes a large (4 × 6) Zn3Cr3O8 (0001) surface consisting of 
936 atoms at the Ov concentration of 0.25 ML on both the surface and 

subsurface layers. There are 24 [ZnO4] and 72 [CrO6] structure units in 
surface layer and 24 [ZnO6] and 48 [ZnO4] structure units in subsurface 
layer in this super cell. MD simulations are carried out at 673, 873 and 
1073 K with three trajectories for each temperature and 2 ns for each 
trajectory. 

Fig. 3 illustrates the MD-NN results under different temperatures. At 
673 K, the system potential energy fluctuates in a small window — the 
average potential energy change is < 0.1 eV per 1 × 1 surface after 2 ns 
(Fig. 3a). Consistently, no obvious subsurface structural reconstruction 
is observed as reflected by the same number of subsurface [ZnO6] of 24 
and the zero subsurface Cr concentration (divided by the total surface 
metal atoms per supercell, i.e. 72 atoms), see Fig. 3b and c. The major 
structural variation occurs at the surface region, where the surface Ovs 
and Zn atoms tend to agglomerate together, resulting in the formation of 
a Zn-O-Zn structure pattern and the larger surface cavity (containing 
more than two Ovs, see Fig. S4). 

At 873 K, the system average potential energy decreases by 0.3 eV 
per 1 × 1 surface after 2 ns, which is larger than that at 673 K. The Cr 
migration into the subsurface starts at this temperature. In a 2 ns tra-
jectory, the subsurface Cr concentration increases to 0.01 ML, accom-
panied with 1 ~ 2 subsurface Zn atoms appearance on the surface 
(Fig. S5). When the temperature increases to 1073 K, the system’s 
average potential energy dramatically decreases by ~ 1.0 eV per 1 × 1 
surface after 2 ns. The surface Cr atoms enter the subsurface layer as 
early as the first 0.2 ns, and then the subsurface Cr concentration rapidly 
increases to 0.175 ML after 2 ns (Fig. 3b and c). We notice that the 
number of [CrO4]pla catalytic active site dramatically decreases from 48 
to 35, 14 and 11 after 2 ns MD simulation at 673, 873 and 1073 K, 
respectively. The decrease in the amount of [CrO4]pla catalytic active 
site points directly to a decreased catalytic activity with time. 

The MD trajectories of subsurface Zn and surface Cr atoms exhibit 
distinct features. As illustrated in Fig. 3d, the color depth indicates their 
time of appearance during MD simulation. The Cr atoms display a lighter 
coloration on surface but a darker coloration on subsurface. Conversely, 
the coloration of Zn is lighter on the subsurface and darker on the sur-
face. It indicates the migration of Cr from surface to subsurface but the 
Zn from subsurface to surface. Moreover, the Cr coloration on surface is 
obviously lighter than the Zn coloration on subsurface, indicating that 
the surface Cr migration occurs before the subsurface Zn migration. 

To further analyze the structural change of the subsurface layer, we 
examine the radial distribution function (RDF) of the subsurface Znsub- 
Znsub pair before and after MD simulation at 1073 K, as illustrated in 
Fig. 3e. The RDF shows the probability of finding a Zn atom at a certain 
distance from another Zn atom in the subsurface layer. The insert figure 
in Fig. 3e shows the crystal structure of subsurface layer, where the 
distances of [ZnO4]-[ZnO4]/[ZnO6] in the first nearest neighbor (red), 
[ZnO6]-[ZnO6] in the first nearest neighbor and [ZnO4]-[ZnO4] in the 
second nearest neighbor (blue), and [ZnO6]-[ZnO4] in the second 
nearest neighbor (green) are ~ 3.2, 6.0 and 7.0 Å, respectively. These 
can be identified in the RDF as the first, second, and third peaks at 
around 3.5, 6, and 7 Å, respectively. After 2 ns, the peak position does 
not shift, indicating that there is no structural distortion in the subsur-
face layer and the relative positions of [ZnO4/6] structural units main-
tain well. However, the intensity of all peaks significantly decreases, 
particularly, the first peak decreases by almost half. This reduction in 
intensity is consistent with the reduction of subsurface [ZnO6] structure 
units after MD simulations. 

3.4. Slowing down SDR via addition of other elements 

Our SDR mechanism shows that the initial step of Zn/Cr cation 
migration is the presence of the subsurface Ov which provides the space 
for the sinking of surface Cr atom. It is thus expected that the inhibition 
of the subsurface Ov formation should slow down the ZnCrxOy SDR. We 
thus propose to add/dope other elements for adjusting the formation 
energy of Ov. In principle, the dopant should not stop the catalytic 
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conversion that requires the presence of surface Ov to expose the active 
site and need to prevent the formation of subsurface Ov. Therefore, a 
successful dopant must satisfy two quantitative conditions: (i) the sur-
face Ov formation free energy ΔGOv,surf < 0 eV and (ii) the subsurface Ov 
formation energy ΔGOv,sub > 0. Note that, for active catalysts, the pres-
ence of subsurface Ov is still required for creating [CrO4]pla active sites, 
and thus ideally ΔGOv,sub should be positive but not too positive. The 
Gibbs free formation energy of surface and subsurface Ovs can be 
computed using Eq. (1) with the reactant H2 as the reductant at 673 K 
and 2.5 MPa syngas pressure with H2:CO = 2:1 (the typical syngas 
conversion condition). 

By replacing a surface Cr atom with 12 different metal dopants (in 
3d transitional group and main group III) on Zn3Cr3O8 (0001) surface, 
we have quickly evaluated ΔGOv,surf and ΔGOv,sub for these metal dopants 
and the results are shown in Fig. 4a. The formation of Ov is much easier 
with the increase of atomic number from Ti to Zn and Al to In. Among, 

all the dopants meet the condition (i) with the negative ΔGOv,surf but only 
Ti and Al meet the condition (ii) with the positive ΔGOv,sub. Comparing 
with Ti, the Al-doping has a more positive ΔGOv,sub (+0.23 eV), sug-
gesting its higher capability in inhibiting the formation of subsurface Ov. 

To further confirm the role of Al dopant in modifying the behavior of 
ZnCrxOy catalyst, we performed a high-temperature MD simulation at 
1073 K on the Al-doped (4 × 6) Zn3Cr3O8 (0001) surface with an initial 
Ov concentration of 0.25 ML on both the surface and subsurface layers. A 
low Al concentration 3% ML on surface is utilized to probe its effects on 
catalyst SDR. The MD trajectories are analyzed and compared to those of 
the undoped ZnCrxOy catalyst (Fig. 4b). 

We found that in the presence of Al the SDR still occurs featuring the 
Zn/Cr exchange, which may not be surprising as the Al addition is at a 
low limit (3% ML on surface). More importantly, the Zn/Cr exchange on 
the Al-doped catalyst has a much less extent. Fig. 4c compares the 
subsurface Cr concentration with and without Al-doping along the MD 

Fig. 3. The MD-NN simulation results of O-defective Zn3Cr3O8 (0001) surface with the initial Ov concentrations of 0.25 ML on both the surface and subsurface layers. 
(a) The energy variations against the MD simulation time at different temperature. (b) The structure after 2 ns MD simulation at 673 and 1073 K. (c, e) The variations 
of the (c) surface Cr concentration and (e) radial distribution function g(r) of subsurface Znsub − Znsub pairs against the MD simulation time at 1073 K. (d) MD traces 
of surface Cr and subsurface Zn atoms at 1073 K. The color depth indicates the time of appearance. 
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trajectory. After 2 ns, only 0.09 ML Cr atoms migrates from surface to 
subsurface with Al-doping, which is about half of that without Al-doping 
(0.18 ML Cr atoms). It is noted that the MD simulation is performed at 
1073 K, which is much higher than the typical experimental 673 K. This 
leads to the higher mobility of Cr to allow the observation in nanosec-
onds MD simulation. In the experimental temperature, we expect the 
migration speed will be slowed by 10-4 times. 

This reduction in SDR can be attributed to the immobility of Al at 
high temperatures. As above-mentioned, a key event of SDR is the 
sinking of surface Cr (octahedral site) cations to squeeze out subsurface 
Zn. The MD trajectories of Al in Fig. 4b (green circle) show that the 
surface Al atoms (at the octahedral site) only migrate in a small range of 
surface layer, not sinking into the subsurface layer, indicating that the 
subsurface [ZnO6] near Al should not migrate to the surface. Indeed, in 
our MD trajectory shown in Fig. 4b, there are only two migrated Zn 
atoms that are close to Al (3.7 Å distance) and the Zn surfacing direction 
is away from Al. The other migrated Zn atoms are located much distal 
from the Al atoms. These results further underline the role of Al in 
modifying the structural properties of ZnCrxOy catalysts and improving 
their stability during catalytic reactions. It can be conceived that when 
Al element is added with a suitable concentration and distributed evenly 
into lattice, the catalyst can be maximally stabilized and at the same 
time maintain the catalytic ability of [CrO4]pla local structure. 

4. Discussion 

Our SDR mechanism confirms that the [CrO4]pla model proposed in 
our previous work6 is the catalytic active site responsible for syngas 
conversion to methanol. The simultaneous presence of surface and 

subsurface Ov leads to the formation of [CrO4]pla site. During the SDR 
process, this Cr active site sinks to the subsurface and squeezes the 
subsurface Zn out to the surface step-by-step, and as a result the number 
of [CrO4]pla sites is reduced. This reduction in active sites is consistent 
with the observed decrease in catalytic activity. Our findings also sug-
gest that the other proposed active site models, including the reduced 
ZnCr2O4 surface for syngas-to-ketone [26–27], ZnO surface and ZnO/ 
ZnCrxOy interface sites,13 are not likely for syngas-to-methanol. Since 
SDR would result in the formation of more ZnCr2O4 and ZnO active site, 
the SDR will produce more active sites in these models, contrary to 
experimental observations. It is interesting to note that the ZnCrOx 
catalyst were also reported to have good activity for isobutanol pro-
duction under 400 ◦C and 10 MPa [4,11], but the real active site for 
chain-growth reaction does not been explored in theory due to the 
complexity of the reaction network. 

To enhance the stability of ZnCrxOy catalyst at high temperatures, 
several elements have been added and tested for catalytic activity [28]. 
Notably, the addition of Al has been found to improve catalytic activity 
and stability [28–30]. The ZnCrAlO-SAPO34 catalyst with a Zn:Cr:Al 
ratio near 2:1:1 have demonstrated stable performance with a constant 
CO conversion of 19% after 100 h at 673 K.3 The C2 − C4 olefins 
selectivity on ZnCrxOy catalyst maintains at ~ 27% with the Al-doping 
but decreases ~ 7% without Al doping after 140 h [28]. XRD analysis 
of these catalysts does not reveal the presence of Al2O3 peaks but instead 
exhibits the widening of ZnCrxOy peaks, indicating that Al may occupy 
interstitial sites in the spinel skeleton, forming the ZnCrAlOx multi- 
element spinel phase [31]. Although XANES spectra have demon-
strated that Al presence suppresses the formation of ZnO for ZnCrxOy 
catalysts after 140 h syngas conversion [28], the mechanism for Al 

Fig. 4. (a) The Gibbs free formation energy of surface and subsurface Ovs with different metal dopants on Zn3Cr3O8 (0001) surface. (b, c) The traces of Al, Cr and Zn 
atoms and the variations of subsurface Cr concentration during MD simulation for the Al-doped Zn3Cr3O8 (0001) surface with the 0.25 ML Ov concentrations on both 
the surface and subsurface layers at 1073 K. The purple ball represents the Al atoms. 
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stabilization of the catalyst remains unclear. Our results suggest that Al 
can replace Cr in the octahedral site of the spinel lattice, which inhibits 
for formation of subsurface Ov and the migration of neighboring Zn/Cr 
cations. The Al doping, however, inhibits simultaneously the formation 
of subsurface Ov, leading the disappearance of [CrO4] active site of 
methanol synthesis and thus the decrease of reaction activity, as 
observed in experiments [30]. Apparently, there is a tradeoff between 
activity and stability. Therefore, an optimal concentration of Al addition 
in the experimental catalyst (25% Al in ZnAlCrOx) can be understood as 
a requirement for the homogeneous distribution of Al in the octahedral 
site of spinel lattice, where each Zn/Cr can have relatively shortest 
contact with Al and at the meantime maintain the ability to form 
[CrO4]pla locally. 

5. Conclusion 

By using G-NN-based global optimization and long-time MD simu-
lations, this work elucidates the mechanism of nonstoichiometric 
ZnCrxOy SDR. The process begins with surface reconstruction under the 
reductive reaction conditions, where both surface and subsurface Ov 
forms and the generation of [CrO4]pla active site for syngas conversion. 
The presence of subsurface Ov allows for the subsequent cation migra-
tion. The surface Cr cation sinks to the subsurface and squeezes the 
subsurface Zn out to the surface step-by-step, leading to the replacement 
of subsurface Zn by surface Cr and the diminishing of the surface 
[CrO4]pla active site for syngas conversion. The SDR is driven by ther-
modynamics towards the more stable stochiometric ZnCr2O4 and 
allowed by the kinetics, ~ 1.7 eV. Our results indicate that, paradoxi-
cally, the [CrO4]pla active site generation with the presence of subsur-
face Ov is also the cause of the catalyst deactivation. By screening 12 
different metal dopants, we identify Al-dopant can inhibit the formation 
of subsurface Ov and slow down the Zn-Cr replacement. These findings 
may contribute to the development of more efficient and stable catalysts 
for various industrial applications. 
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