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t2 Occupancy as an Effective and Predictive Descriptor for the Design
of High-Performance Spinel Oxide Peroxidase-like Nanozymes
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Abstract: Nanozymes are next generation of enzyme
mimics. Due to the lack of activity descriptors, most
nanozymes were discovered through trial-and-error
strategies or by accident. While eg occupancy in an
octahedral crystal field was proven as an effective
descriptor, the t2 in a tetrahedral crystal field has rarely
been explored. Here, we first identified t2 occupancy as
an effective and predictive descriptor. Then, we pre-
dicted and demonstrated that spinel oxide nanozymes
(AB2O4) with a t2 occupancy of around 4.4 at A site had
the highest activity. Furthermore, we introduced Oβ

content as a secondary descriptor. The dual descriptor
strategy resulted in a three-dimensional volcanic curve,
converging at a vertex. To surpass the limitations of
volcanic curves, a dual site optimizing strategy was
proposed, guiding the optimization of both A and B
sites as Cu and Co, respectively. The designed CuCo2O4
exhibited the highest activity, achieving around 100- and
2-fold enhancement compared to initial material and the
state-of-the-art spinel oxide nanozyme LiCo2O4, respec-
tively. Density functional theory calculations provided a
theoretical basis for the catalytic process. This work
provides a new strategy for the rational design of
nanozymes, and t2 occupancy may also be applicable to
the design of other catalysts.

Introduction

Nanozymes are functional nanomaterials with enzyme-like
catalytic activities.[1] Compared with their natural counter-
parts and conventional enzyme mimics, they possess superi-
or characteristics such as low cost, high stability, and tunable
structure and function, showing strong application capability
and promising prospects in fields such as biosensing, disease
diagnosis and therapy, environmental monitoring and pro-
tection, agriculture, and chemical synthesis.[2] Since the
discovery of ferromagnetic nanoparticles with intrinsic
peroxidase (POD) activity,[3] thousands of nanomaterials
have been found to possess enzyme-like activities, including
metals, alloys, metal oxides, carbon, and metal–organic
frameworks.[4] However, most of them were discovered
through trial-and-error strategy or by accident, which is
mainly due to the lack of predictive descriptors.[5]

Sabatier’s rule is a powerful principle to guide the design
of catalysts.[6] Many descriptors based on it have been
developed, such as d-band center, O 2p-band center, number
of d-band electrons, oxidized state, and eg occupancy.

[7]

Particularly, eg occupancy has been demonstrated as an
experimentally effective descriptor for the rational design of
nanozymes.[5a,b] However, its applicability has only been
demonstrated for the octahedral crystal field. t2 represents
the triple antibonding molecular orbitals (s*xy, s*xz, and s*yz),
generated by the splitting of d-orbital in the tetrahedral
crystal field. It is similar with the antibonding occupied
component of eg in the octahedral crystal field.

[7f] In addition,
the tetrahedral site is the significant source of activity of
spinel catalysts.[8] Nevertheless, to our knowledge, using t2
occupancy as a direct descriptor in various fields and
systematic studies on tetrahedral site have been rarely
reported.
In this work, we first reported t2 occupancy as an

effective and predictive descriptor to guide the design of
nanozymes. We chose spinel oxides (AB2O4, A and B
occupy one tetrahedral center and two octahedral centers,
respectively) as the model materials for POD-like activity,
for possessing both tetrahedral and octahedral sites with
easily tunable structures and enzyme-like activities,[9] and
being widely applied in environmental detection,[10]

bioassay,[11] antibacterial,[12] and anti-tumor treatment[13] as
POD mimics, but their low POD-like activity limited the
applications. We selected Cr, which can stably occupy
octahedral site, as the B site element to systematically
regulate the transition metal elements of A site as Mn, Fe,
Co, Ni, Cu, and Zn, respectively.[9a,14] After investigating and
calibrating the electronic arrangement, the accurate t2
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occupancies of A site in the as-prepared Cr-series spinel
oxides were obtained. Encouragingly, t2 occupancy exhibited
a volcanic-like curve with specific activity, demonstrating
that t2 occupancy is an effective descriptor. CuCr2O4 with
the highest specific activity was chosen as next model and
we tuned the t2 occupancy of Cu by changing the calcination
temperatures of CuCr2O4 (400, 500, 600, 700, and 800 °C,
respectively). Their specific activities and calibrated t2
occupancies matched well with the volcanic curve. The
specific activities reached the peak of the volcanic curve
when t2 occupancy was about 4.4, further demonstrating the
effectiveness and predictive ability of t2 occupancy as a
descriptor. Subsequently, we proposed the surface oxygen
(Oβ) content as a secondary descriptor to interpret the
different activities with similar t2 occupancy, while t2
occupancy remained as the primary activity descriptor. The
dual descriptors strategy converged to a vertex, resulting in
a three-dimensional volcanic curve. Combining with our
previous work, the dual sites optimizing strategy was
proposed where A and B sites were optimized as Cu and
Co, respectively. The resulting material CuCo2O4 exhibited
the best specific activity and broke through the limits of
volcanic curve, obtaining around a hundredfold increase
compared with the initial materials, an order of magnitude
increase over most reported nanozymes, and a twofold
increase relative to LiCo2O4 which was proved the best
specific activity in previous work. Finally, the above
conclusions were further validated and rationalized through
density functional theory (DFT) calculations.

Results and Discussion

POD-Like Activities of Cr-Series Spinel Oxide Nanozymes

Spinel oxides can be classified into three types: normal,
inverse, and complex, which are mainly distinguished by the
degree of mutual substitution and occupation of metal
elements at A and B sites.[9a] To minimize the impact of
different crystal structures of spinels and to identify the
determining factors in the activity of nanozymes, we chose
six chromium-series spinel oxides (ACr2O4, A=Mn, Fe, Co,
Ni, Cu, and Zn, in which Cr can occupy the octahedral site
stably) to investigate the effect of AO4 tetrahedral structure
on POD-like activities (Figure 1a). MnCr2O4 and NiCr2O4
were synthesized with a coprecipitation method,[15] FeCr2O4
was synthesized with a solution combustion synthesis
method,[16] and CuCr2O4 (calcination temperature was
800 °C) and CoCr2O4 were synthesized with a hydrothermal
method.[17] Note, ZnCr2O4 has been investigated in our
previous work,[5b] and here we quoted it directly for
comparison (Table S4). The as-prepared spinel oxides were
characterized by using transmission electron microscope
(TEM), powder X-ray diffraction (PXRD), inductively
coupled plasma atomic emission spectrometer (ICP-AES),
X-ray photoelectron spectroscopy (XPS), Brunauer–Em-
mett–Teller (BET) surface area, and magnetic measure-
ments (Figures S1, S4, and S5, and Tables S1 and S3). The
TEM images (Figure 1d-h) revealed the uniform nanoscale
particles and typical irregular morphology features of spinel
oxides. The as-prepared samples inevitably differed in size

Figure 1. Cr-series spinel oxide nanozymes as POD mimics. (a) Scheme of investigating t2 occupancy at tetrahedral site with AO4 structure for
POD-like activity. Cr, A, and O are displayed in blue, green, and red, respectively. (b) Time evolution of absorbance at 652 nm for monitoring the
catalytic oxidation of 1 mM TMB with different concentrations of H2O2 in the presence of 20 μg/mL CuCr2O4. (c) Specific POD-like activities of
ACr2O4 (A=Mn, Fe, Co, Ni, Cu, and Zn). (d-h) TEM images of ACr2O4 (A=Mn, Fe, Co, Ni, and Cu). (i–m) XRD patterns of ACr2O4 (A=Mn, Fe, Co,
Ni, and Cu).
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for the different ion sizes and electronic structures of
constituent elements. The XRD patterns of each as-
prepared sample (Figure 1i-m) displayed a set of peaks
corresponding to their respective standard cards (red line,
PDF#54–0876, PDF#34–0140, PDF#22–1084, PDF#75–0198,
and PDF#26–0508, respectively) and matched well, indicat-
ing typical spinel structures. The Mn 2p1/2 peak at 653.5 eV
and Mn 2p3/2 peak at 641.5 eV,

[18] Fe 2p1/2 peak at 724.2 eV
and Fe 2p3/2 peak at 710.9 eV,

[19] Co 2p1/2 peak at 796.5 eV
and Co 2p3/2 peak at 780.7 eV with two corresponding
satellites at 802.7 eV and 786.2 eV,[20] Ni 2p1/2 peak at
873.3 eV and Ni 2p3/2 peak at 855.8 eV,

[19a] and Cu 2p1/2 peak
at 954.1 eV and Cu 2p3/2 peak at 934.6 eV with strong Cu

2+

satellites[21] were correspond to A2+ (A=Mn, Fe, Co, Ni,
and Cu). In addition, the peaks of around 586.3 eV and
576.3 eV represented the Cr3+ 2p1/2 and Cr

3+ 2p3/2
[22] though

some slight peak shift were observed in different spinel
oxides(Figure S1). The above results demonstrated the
successful synthesis of all the spinel oxides.
3,3’,5,5’-tetramethylbenzidine (TMB) is a typical POD

substrate, and its blue oxidized product of TMB (oxTMB)
possesses a characteristic absorption peak at 652 nm. The
intrinsic POD-like activities of Cr-series spinel oxides were
determined by using absorption spectroscopy to monitor the
catalytic oxidation process of TMB with hydrogen peroxide
(H2O2) in the presence of the nanozymes (Figures 1b and
S2). The Vmax of Cr-series spinel oxide nanozymes was
defined as mass activity, which was determined by conduct-
ing steady-state kinetic assays and calculated by drawing and
fitting a double reciprocal plot through the Michaelis-
Menten equation (Figure S3). The surface areas of Cr-series
spinel oxide nanozymes were normalized based on the BET
surface areas obtained by nitrogen adsorption-desorption

measurements (Figure S4). The specific activities, obtained
by using the corresponding normalized BET areas, were
used to assess the POD-like activities of Cr-series spinel
oxide nanozymes to exclude the differences in activity
caused by variations in their surface areas and explore the
intrinsic activity differences caused by t2 occupancy (refer-
ring to the Experimental Section for details of above
methods). As shown in Figure 1c, CuCr2O4 possessed the
highest specific activity, indicating that Cu may be the highly
active element of tetrahedron site. The pH-dependent
behavior of CuCr2O4 was tested (Figure S6), indicating the
significant activity in acidic environments. Particularly, it is
encouraging to note that tetrahedral site is also a significant
source of POD-like activity due to Cr being an inactive
element in POD-like process of spinel nanozymes.[5b]

Evaluating the Effectiveness and Predictive Capacity of t2
Occupancy as a Descriptor

Since the octahedral sites were fixed, the above control
variable results revealed that the POD-like activities of
spinel oxide nanozymes were indeed related to the transition
metal cations in the tetrahedral field with AO4 structure.
The electron arrangements of A site transition metal cations
of Cr-series spinel oxides were then investigated and
calibrated (referring to the Experimental Section for details)
to obtain the accurate electronic arrangements and t2
occupancies of A site of the actual as-prepared Cr-series
spinel materials (Figures 2a and S5, and Tables S2–S4).
After obtaining the accurate t2 occupancy of A site, we

plotted the specific activity of the as-prepared Cr-series
spinel oxide nanozymes as the y-axis against the correspond-

Figure 2. (a) Electron arrangements of d-orbital and t2 occupancies of A site of ACr2O4 (A=Mn, Fe, Co, Ni, and Cu). (b) Specific activity as a
function of t2 occupancy of Cr-series spinel oxide nanozymes, here the names of spinel oxides were abbreviated. (c) XRD patterns of CuCr2O4-400,
� 500, � 600, and � 700. (d) TEM images of CuCr2O4-400, � 500, � 600, and � 700. (e) Specific POD-like activities of CuCr2O4-400, � 500, � 600,
� 700 and � 800. (f) Electron arrangements of d-orbital and t2 occupancies of A site of CuCr2O4-400, � 500, � 600, and � 700.
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ing t2 occupancy as the x-axis, revealing a potential non-
monotonic correlation (volcanic curve) between t2 occu-
pancy and specific activity (Figure 2b). This volcanic
relationship indicated the effectiveness of t2 occupancy as a
descriptor. As shown in Figure 2a-b, on the left side of the
volcanic curve were MnCr2O4, FeCr2O4, CoCr2O4, and
NiCr2O4. Their t2 occupancies were 2.778, 3.000, 3.000, and
3.683, respectively, which were all less than 3.7. On the right
side of the volcanic curve were CuCr2O4 and ZnCr2O4 with
t2 occupancies of 4.925 and 5.760, respectively. Both were
more than 4.9. The above results revealed that the material
occupying the apex of the volcanic curve should possess the
highest activity, with t2 occupancy between 3.7 and 4.9.
Therefore, our next step was to adjust the t2 occupancy
towards the apex of the volcanic curve to obtain the material
with the highest POD-like activity.

Further evaluating t2 Occupancy as a Descriptor and Tuning It
to Optimize and Obtain a Spinel Material with the Highest
Activity

CuCr2O4 with relatively higher POD-like activity compared
to other Cr-series oxides was selected as the research object
to optimize the t2 occupancy. Considering that the calcina-
tion temperature can affect the structural characteristics of
spinel oxide catalysts,[17b,23] we tuned the calcination temper-
ature to optimize the t2 occupancy for further evaluating the
correlation between t2 occupancy and specific activity,
aiming to obtain the material with the highest POD-like
activity. Since the calcination temperature of CuCr2O4
investigated above was 800 °C (CuCr2O4-800), we also
synthesized CuCr2O4 with calcination temperatures of 400,
500, 600, and 700 °C (CuCr2O4-400, � 500, � 600, and � 700,
respectively). The same methods were conducted to fully
characterize these nanomaterials (Figures 2c-d, S7, S9, and
S10, and Tables S1–S3). The TEM images (Figure 2d)
revealed that all as-prepared CuCr2O4 samples were uniform
nanoscale particles with no specific morphology, the differ-
ent calcination temperatures resulted in different sizes of
nanoparticles. The XRD patterns of the as-prepared
CuCr2O4 samples (Figure 2c) displayed a set of identical
peaks corresponding to CuCr2O4 standard card (red line,
PDF#26–0508) and matched well with it, indicating a typical
spinel structure. XPS spectra (Figure S7) of Cu 2p at around
954.7 eV and 934.6 eV corresponed to Cu2+ 2p1/2 and Cu

2+

2p3/2, Cr 2p at around 585.9 eV and 576.6 eV represented
Cr3+ 2p1/2 and Cr

3+ 2p3/2, though a slight peak shift was
observed in different calcination temperatures. These results
demonstrated the successful synthesis of CuCr2O4 with
different calcination temperatures.
The same methods were used to determine the specific

activities of CuCr2O4 with different calcination temperatures
(Figures S8–S9). As shown in Figure 2e, the specific activity
was indeed related to calcination temperature, increasing to
nearly twofold for CuCr2O4-400 and CuCr2O4-700 compared
to CuCr2O4-800. Similarly, the accurate electronic arrange-
ments of CuCr2O4 with different calcination temperatures

and the corresponding t2 occupancies of A site were
obtained (Figures 2f and S10, and Tables S2–S3).
The specific activities and t2 occupancies of CuCr2O4

with calcination temperatures 400–700 °C were supple-
mented to the volcanic curve and matched well with it
(Figure 3a). When t2 occupancy reached 4.411, the spinel
nanomaterial CuCr2O4-700 occupied the apex of the volcanic
curve and exhibited the highest specific activity, which was
consistent with our prediction. The above results and the
excellent volcanic curve further demonstrated that t2
occupancy was indeed an effective and predictive descriptor
that can guide the design of nanozymes.
As shown in Figure 3a, CuCr2O4-400, � 500, � 600, and

� 700 possessed similar t2 occupancies of around 4.4, locating
at similar x-coordinates of the vertex of the volcanic curve.
They all displayed better specific activities compared to
other as-prepared Cr-series spinel oxide nanozymes. There-
fore, it was imperative to identify a factor to interpret the
differences in their specific activities despite similar t2
occupancies. Considering that the different calcination
temperatures can introduce varying degrees of defects, and
the POD-like catalytic process generally occurs on the
surface of the nanomaterials, we carried out the XPS
measurements to investigate the surface properties of the as-
prepared Cr-series spinel oxides. Since Oβ from defective
sites plays an important role in the catalytic process,[24] we
fitted the XPS spectra of O 1s to differentiate between
lattice oxygen (Oα) and surface oxygen (Oβ) (Figures S11
and S12). We obtained the Oβ content of the as-prepared
samples, as shown in Table S5. Encouragingly, when we
plotted Oβ content on the x-axis against the specific activity
of CuCr2O4 with different calcination temperatures on the y-
axis, a strong linear relationship was observed (Figure 3b).
Therefore, Oβ content was introduced as a secondary
descriptor to interpret the results of different specific
activities of these materials while possessing similar t2
occupancies. Similarly, CoCr2O4 had a significantly lower Oβ

content than FeCr2O4, resulting in the lower specific activity
than FeCr2O4 though possessing the same t2 occupancy.

Dual Descriptors Strategy Drove a 3D Volcanic Curve

The above results suggested that t2 occupancy was indeed an
effective and predictive descriptor. In addition, Oβ content
can also describe the specific activities when t2 occupancies
were the same. Therefore, the dual descriptors strategy was
proposed (Figure 3c): t2 occupancy was the primary descrip-
tor that mainly affected the specific activity and can guide
the design of nanozymes and even other catalysts, while Oβ

content was the secondary descriptor that can be used to
further improve the catalytic performance of materials when
t2 occupancy was approximately the same.
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Dual Sites Regulating Strategy Beyond the Limits of Volcanic
Curve for Higher Performance Optimization

The above results revealed that when Cu occupied the
tetrahedral site with an AO4 structure, spinel oxide nano-
zymes showed the highest specific activity. Previously, we
revealed that when Co occupied the octahedral site with a
BO6 structure, the material LiCo2O4 exhibited the highest
activity at that time.[5b] By combining these two works of
research on tetrahedral site with an AO4 structure (this
work) and octahedral site with a BO6 structure (previous
work), we reported the dual sites optimizing strategy to
simultaneously control both sites for the optimal elements.
Specifically, when the A site was occupied by Cu and the B
site was occupied by Co, the material CuCo2O4 was
designed. We synthesized CuCo2O4 with a solvothermal
method.[25] In addition, we synthesized Cu-doped LiCo2O4
(Cu� LiCo2O4) with a solvothermal method

[25] and LiCo2O4
with a sol-gel method.[26] We compared these three materials
with the as-prepared CuCr2O4 (Figure 4).
The TEM images (Figure 4a-c) revealed that all as-

prepared samples were uniform nanoscale particles with no
specific morphology features. The XRD patterns of as-
prepared samples (Figure 4d) were well-matched with
CuCo2O4 standard card (red line, PDF#37-0878), indicating
a typical spinel structure. These results demonstrated the
successful synthesis of CuCo2O4, Cu-LiCo2O4, and LiCo2O4.
We used the same methods to investigate their specific
activities (Figures S13 and S14). CuCo2O4 optimized by the

dual sites optimization strategy with intrinsic POD-like
activity showed the highest specific activity (Figures 4e and
S15), achieving around 2-fold and 100-fold improvements in
specific activity than LiCo2O4 and CuCr2O4-700, respec-
tively. This result surmounted the vertexes of the two
volcanic curves, indicating the capacity of breaking through
the limits of volcanic curve.
For the optimized CuCo2O4 nanozyme, the catalytic

activity under different pH was investigated (Figure S16).
CuCo2O4 exhibited pH-dependent activity with significant
activity in acidic environments. Afterward, the stability of
CuCo2O4 was systematically investigated. Only a negligible
decrease in the activity of CuCo2O4 was observed in the
cycling experiments (Figure S17). It should be noted that the
depletion of activity can be partially attributed to the loss of
material during the centrifugal process and the effect of
adsorption of the product (oxTMB) on the nanozyme
surface. The XRD pattern of CuCo2O4 after reaction still
matched well with the corresponding CuCo2O4 standard
card (Figure S18). In addition, the XPS spectra of Co 2p of
fresh and reacted CuCo2O4 were shown in Figure S19. The
two peaks at 794.8 eV and 779.6 eV, assigned to Co 2p1/2 and
Co 2p3/2, respectively, can be deconvoluted into the peaks of
Co3+, Co2+, and satellites.[27] The ratios of fresh and reacted
CuCo2O4 were 1.40 and 1.50, respectively, indicating no
significant change of average metal valence after reaction.
The above results confirmed the satisfactory stability of
CuCo2O4. To demonstrate the importance and advantages
of the predictively obtained materials, the comparison of Km

Figure 3. (a) Specific POD-like activity of the Cr-series spinel oxide nanozymes as a function of t2 occupancy. (b) Specific POD-like activity of the
CuCr2O4 with different calcination temperatures as a function of Oβ content. (c) Specific POD-like activity of the Cr-series spinel oxide nanozymes
as functions of both t2 and Oβ content. Here the names of spinel oxides were all abbreviated.
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and Vmax in POD-like activity of CuCo2O4 with typical metal
oxide nanozymes and HRP was listed (Table S6).

DFT Calculations

DFT calculations were performed to investigate the poten-
tial microscopic catalytic mechanism and structure–activity
relationship of the spinel oxide nanozymes (referring to the
Experimental Section for details). The proposed mechanism
of the spinel oxide nanozymes as POD mimics followed two
steps,[28] as shown in Figure 5a: i) the adsorption of H2O2
molecules on the surface of spinel oxides and subsequent
decomposition to form the adsorbed dihydroxyl intermedi-
ates (2OH*); ii) two successive reduction processes of the
adsorbed hydroxyl groups (OH*) by TMB, reacting through
the protonation-coupled transfer process of H atom from
the TMB substrates to each adsorbed hydroxyl and generat-
ing H2O.
The structures and energy values involved in the POD-

like catalytic process are shown in Figures 5 and S20.
According to the energy profiles shown in Figure 5b, the
adsorption and decomposition step of H2O2 into 2OH* had
a large exothermicity with energy ranging from � 2.00 eV to
� 5.71 eV. Especially for ACr2O4 due to their stronger
reducibility, H2O2 could directly decompose into 2OH* on
the surface without an adsorption form (H2O2*). Thus, step
i) was not the rate-determining step (RDS). Removing one
hydroxyl group from the surface of dihydroxyl absorbed was
easier than from the surface of one hydroxyl absorbed, as

the structure with two hydroxyls absorbed was more
oxidized than that with one hydroxyl absorbed.[28] Conse-
quently, step iib) rather than step iia) was the RDS of these
spinel oxide nanozymes. The RDS had an energy range
from � 0.86 eV to 1.30 eV. Based on the Brønsted-Evans-
Polanyi (BEP) relationship, the activation energy is propor-
tional to the reaction energy for a chemical reaction.
Consequently, the activation energy followed the order:
� 0.86 eV (CuCo2O4) < � 0.66 eV (LiCo2O4) <0.82 eV
(CuCr2O4) <0.85 eV (NiCr2O4) <0.91 eV (MnCr2O4)
<1.31 eV (ZnCr2O4). Therefore, the activities followed the
order: CuCo2O4>LiCo2O4>CuCr2O4>NiCr2O4>
MnCr2O4>ZnCr2O4, which was consistent with experimen-
tal results.
Alternatively, our previous report indicated that the

adsorption energy of OH (Eads, OH) is a good descriptor to
explain and predict the POD-like activities.[28] As shown in
Table S9, the calculated Eads, OH of ZnCr2O4, MnCr2O4,
NiCr2O4, CuCr2O4, and LiCo2O4 were ascending sequen-
tially, and all of them were less than the maximum activity
value (� 2.6 eV) of POD-like reaction. Accordingly, their
POD-like activities were also ascending sequentially. The
Eads, OH of CuCo2O4 and LiCo2O4 were close to � 2.6 eV,
confirming the extremely high POD-like activities of
CuCo2O4 and LiCo2O4 compared with other ACr2O4.
Furthermore, for CuCr2O4 with varying Oβ content due to
different calcination temperatures, the higher Oβ content
induced the decrease of reducibility on the materials’
surface, and consequently resulted in the increase of Eads, OH

Figure 4. (a-c) TEM images of CuCo2O4, Cu-LiCo2O4, and LiCo2O4 (d) XRD patterns of CuCo2O4, Cu-LiCo2O4, and LiCo2O4. (e) Comparison of the
specific POD-like activities of CuCo2O4, Cu-LiCo2O4, LiCo2O4, CuCr2O4-700, and CuCr2O4-800.
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to a more favorable range,[29] leading to the higher specific
activity.

Conclusion

Through the rational design of spinel oxides, experimental
explorations, and DFT calculations, we first reported and
identified the effectiveness and predictive capacity of t2
occupancy as a descriptor of spinel oxide nanozymes for the
tetrahedral site. The POD-like activity of Cr-series spinel
oxide nanozymes was demonstrated to possess a non-
monotonic volcanic curve relationship with t2 occupancy.
After tuning t2 occupancy, the optimized materials with t2
occupancy of around 4.4 matched well with the volcanic
curve and reached its vertex. Moreover, we observed that
the Oβ content possessed an excellent linear relationship
with specific activity, leading us to introduce it as a
secondary descriptor while t2 occupancy was the primary
descriptor. The dual descriptors strategy drove a 3D volcanic
curve, converging at a vertex. Subsequently, to break
through the limitations of volcanic curves, we proposed the
dual sites regulating strategy for optimizing A and B sites as
Cu and Co, respectively. Encouragingly, CuCo2O4 with the
highest POD-like activity and excellent stability was ob-
tained. DFT calculations provided a thorough understanding

of microscopic catalytic mechanism and structure-activity
relationship of the POD-like catalytic process. t2 occupancy
was identified as a direct descriptor for the first time,
demonstrating its effectiveness and predictive power. We
believe it will greatly promote research on the activity,
design, and application of nanozymes as well as other
catalytic fields.
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Figure 5. (a) Proposed mechanism of spinel oxide nanozymes for POD-like catalytic processes. The substrates and intermediates participating
in every process were correspondingly listed below, where * denoted the adsorbed state. (b) Relative energies of corresponding intermediates
participating in the POD-like catalytic processes of ACr2O4 (A=Mn, Ni, Cu, and Zn), LiCo2O4 and CuCo2O4. The units were eV. The names of spinel
oxides were abbreviated.
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