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Structure descriptor construction and XGBoost model training

In order to apply ML methods for predicting the bandgap values of all B/N-codoping
configurations, each B/N-codoping configuration has to be represented by fixed-length structure
descriptor that accurately encodes the relationship between dopant spatial orderings with the
corresponding bandgap value without the need of DFT calculations. Considering that B/N-codoping
essentially induces charge redistribution between the B/N dopants in anatase TiO,, and the features
of charge redistribution, as determined by the B/N dopant spatial orderings, yield doping levels of
different widths and energies. Therefore, accurate structure descriptors can be constructed by
characterizing the charge redistribution between the B/N dopants in anatase TiO,.

As shown in our previous work(!l of predicting electronic properties of N and oxygen vacancy
(Vo) codoped TiO,, the charge redistribution between two dopants can be accurately characterized
by the shortest sequences consisting of adjacent Ti-O/N atoms that connect the two dopants, termed
charge transfer path. It should be noted that, the charge transfer path is permutation invariant due to
its sole dependence on the bonding patterns of TiO,, regardless of atomic indexing, this ensures that
the constructed structure descriptor is also permutation invariant. Therefore, we also applied this
concept of charge transfer path for characterizing the charge redistribution between the B/N dopants
in this work. For instance, there are in total two possible charge transfer paths connecting the N
dopant (N1) and one of the four adjacent Ti atoms of interstitial B (Til) as depicted in Fig. S1. For
each possible charge transfer path, the occurrences of all types of triatomic fragments, such as Ti-
O-Ti@102°, were separately counted to construct a 24x1 array. Subsequently, by adding the two
arrays, the charge redistribution between the Til and N1 can be characterized by a 24x1 array

denoted as Til-N1 in Fig. S1.
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Fig. S1 Schematic illustration of structure descriptor construction for a B/N-codoping

configuration in anatase TiO,.



Furthermore, similar arrays for characterizing the charge redistribution between the Til and
the other two N dopants (N2 and N3) can be constructed, and the summation (denoted as Til-N in
Fig. S1) fully characterizes the charge redistribution between the N dopants and the Til atom.
Similar to the Til-N array, three more arrays for the rest of the adjacent Ti atoms (Ti2, Ti3, and Ti4)
of interstitial B can be respectively constructed, and concatenating these arrays with the Til-N array
results in a 96x1 array denoted as B-N. As the B-N array naturally encodes the ease of achieving
charge redistribution between B/N dopants via different adjacent Ti atoms, it effectively resolves
the issue that the actual coordination of the interstitial B is unknown when constructing the structure
descriptor for a B/N-codoping configuration. Besides the B-N array, a 72x1 array denoted as N-N,
which is a concatenation of three 24x1 arrays, each characterizing the charge redistributions
between a pair of N dopants, was also constructed. By concatenating the 72x1 N-N array with the
96x1 B-N array, a 168x1 array was constructed for representing a B/N-codoping configuration in
anatase TiO; as depicted in Fig. S1.

Besides making the B/N-codoping configurations compatible with ML methods, the
constructed structure descriptors were also applied to ensure the representativeness of samples in
the training set, i.e., a small set of B/N-codoping configurations for DFT calculations. Specifically,
we first compute vector similarities between all pairs of structure descriptors. Starting from the
structure descriptor with the highest similarity to the rest, we iteratively find the most similar
structure descriptor to the previous one, thereby sorting all structure descriptors based on vector
similarities. After sorting, every 5%/20%" structure descriptor was sampled from all the 8144 ones,
which corresponds to a set of 915 B/N-codoping configurations whereby the similarities among
them are the lowest. Subsequently, we split the 915 samples into a training set (80%), a validation
set (10%), and a testing set (10%) for model evaluation. Based on these datasets, a highly accurate
XGBoost model for predicting the bandgap values of B/N-codoping configurations was trained, as

summarized in Fig. S2.



Bandgap Value

RMSE (eV) =
S 2.1 F 0.01 (Train)
L 0.05 (Test) )
8
= Y.
n 1.7 F
v A
o
3 . )
O i K~ R = 0.99
L 13 ;
g - O Train
B A Test

0.9 L
0.9 1.3 1.7 2.1
DFT results (eV)

Fig. S2 Parity plot of bandgap values of B/N-codoping configurations in anatase TiO,. The x-
axis corresponds to the DFT calculated bandgap values of B/N-codoping configurations, and the y-

axis corresponds to the respective bandgap values predicted by the trained XGBoost model.

Moreover, in order to demonstrate the high accuracy of our newly proposed structure descriptor
in predicting the bandgap values of B/N-codoping configurations, in comparison to other methods,
we also trained several crystal graph convolutional neural network (CGCNN) models[?, as well as
XGBoost models using the Dexp2 structure descriptor proposed by Kaneko et al.[3], for predicting

the bandgap values of B/N-codoping configurations on the same dataset in this work.
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Fig. S3 Performance comparisons of the newly proposed structure descriptor with other
methods. a, Performances of ML models in predicting the bandgap values of B/N-codoping
configurations in anatase TiO,. The detailed model configurations are summarized in Table S5. b,
Box plots of the bandgap values of the 20 identified B/N-codoping configurations in anatase TiOs.

Each box extends from the first quartile to the third quartile of the data, with a line at the median.

From the model performances summarized in Fig. S3a, among all considered models, the
XGBoost model trained in this work using the newly proposed structure descriptors exhibits the
highest accuracy. Additionally, even though only two of the 20 identified B/N-codoping
configurations were included in the training dataset, the distribution of bandgap values of the 20
identified B/N-codoping configurations can be accurately reproduced by the XGBoost model
trained using the newly proposed structure descriptor, as shown in Fig. S3b, thereby further
demonstrating the high accuracy of our newly proposed structure descriptor in representing doping

configurations.

DFT calculations
The bandgap values of the sampled 915 B/N-codoping configurations in anatase TiO, were

calculated after structure relaxation by using the VASP codel*7! with the projector augmented wave



method!®?]. Considering that B/N-codoping barely affects the intrinsic band-edge of TiO,, except
that it induces N doping levels within the band gap, and the aim of predicting bandgap values using
ML methods is to identify the B/N-codoping configurations that exhibit the largest bandgap
narrowing. Therefore, the exchange-correlation term was described by the Perdew-Burke-Ernzerhof
(PBE) functionall!%l. The cutoff energy of plane-wave basis was set to 500 eV, and Gamma point
was used for sampling the Brillouin zone in geometry optimizations, where both the cell parameters
and atomic positions of the B/N-codoping configurations were optimized until the force on each ion
was smaller than 0.05 eV/A.

Besides anatase TiO,, the DFT calculations for rutile and brookite TiO, were performed using
the same setup, except that the cell parameters and atomic positions were optimized until the force
on each ion was smaller than 0.01 eV/A. As well known, the PBE functional tends to produce
delocalized electronic states due to the excessive repulsion caused by the so-called self-interaction
error (SIE)['!]. Therefore, we also applied the HSE06 functionall'?-14] to double check the electronic
structures of a few specific B/N-codoping configurations in TiO,. Specifically, the fraction of exact
exchange in HSE06 functional is set to 0.2 A-! for anatase and rutile TiO,, and 0.15 A-! for brookite
TiO,. With these settings, the bandgap values of pristine anatase, rutile and brookite TiO, are
calculated to be 3.3 eV, 3.0 eV and 3.3 eV, respectively.

It should be noted that, the interstitial B in anatase TiO, has three different types of
coordinations!!®), as depicted in Fig. S4. In order to specify a protocol to deal with interstitial B
when performing high-throughput DFT calculations for obtaining bandgap values, we first
scrutinized the effect of the coordinations of interstitial B on the electronic structures of B/N-
codoping configurations. Specifically, we selected 117 B/N-codoping configurations from the 915
ones and replaced the four-coordinated B in each with the other two types of three-coordinated B,
resulting in six new B/N-codoping configurations per sample. These modified B/N-codoping
configurations were then compared based on DFT calculations. As summarized in Table S4, for a
fixed N dopant spatial ordering, the three-coordinated B in basal plane is energetically the most
favorable, which is in accordance with the previous study!'>. Most importantly, the bandgap value
is barely affected by specific coordination of interstitial B. Therefore, it is reasonable to consider
only four-coordinated B in high-throughput DFT calculations for the purpose of screening B/N-

codoping configurations with the most significant bandgap narrowing.



Fig. S4 Different types of interstitial B in anatase TiO,. a Four possible positions of a three-
coordinated B in the basal plane of interstitial cavity. b Two possible positions of a three-
coordinated B in the plane normal to the basal plane of interstitial cavity. The four-coordinated B in

interstitial cavity is illustrated by a dotted circle in both a and b.

Besides TiO,, the electronic structures of doping configurations in ScTaO,4 were calculated by
using PBE functional since it can well reproduce the experimental bandgap of pristine ScTaO,
(experimental 3.75 eVI1®l, calculated 4.03 eV). As for the other three metal oxides, the DFT + U
method!!”] was applied to describe the electronic structures of the few specific doping
configurations that exhibit uniform N dopant spatial orderings. Specifically, a U value of 5 eV was
applied to the metal d orbitals in WO; and SnO,. As for MgTa,0g, a U value of 5 eV was applied
to Ta 5d orbitals, and a U value of 8 eV was applied to 2p orbitals in O and N elements by referring

to previous theoretical studies!!8:1°],
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Fig. S5 Atomic structures of the identified 20 B/N-codoping configurations. a and b,
[lustrations of the first type of characteristic N dopant spatial ordering and all 8 possible positions
of interstitial B. ¢ and d, Illustrations of the second type of characteristic N dopant spatial ordering

and all 12 possible positions of interstitial B.



configlD-863 configlD-862 configlD-861 configlD-860

el
o un

ristine
E — EPIstine (ay)
o P =N
o

[%3]

o
o

Z AMT ZRXT Z AMTZRXT Z AMTZRXT
configlD-858 configlD-857

(eV)
B by )
o o wm

pristine
BM

25 1.0

e
=
ZAMT ZRXT

configlD-853

E
o o
o wn

od
o n

ristine
E — EPIstine (ay)
o P BN
o

wu

— g

o
o

ZAMT T ZRXT ZAMT ZRXT
configlD-814

(eV)
U O
[V, B )]

pristine
BM

22 1.0

E
o o
(=]

ZAMT ZRXT ZAMT ZRXT
configlD-811 configlD-810

—

e
n o

E — EEEtne (av)

o P =N
wm o

o
o

ZAMT ZRXT ZAMT ZRXT ZAMT ZRXT ZAMTZRXT

Fig. S6 Band structures of the identified 20 B/N-codoping configurations in anatase TiO,. The

energy values are referenced to the VBM of pristine anatase TiO,, which is set to be 0.0 eV.
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Fig. S7 Atomic structures of the 20 B/N-codoping configurations that exhibit the characteristic
N dopant spatial orderings while the interstitial B is located elsewhere. a and b, Illustrations of
the first type of characteristic N dopant spatial ordering and all 8 possible positions of interstitial B
not on the blue/purple (010) planes. ¢ and d, Illustrations of the second type of characteristic N
dopant spatial ordering and all 12 possible positions of interstitial B not on the blue/purple (010)

planes.



configlD-851 configlD-850 configlD-849 configlD-848

2.5 AN ==
3 20 1] :
¢ 1s > N
.g% : ;
i 1.0 L
| —
iy 85 —————
——
Z AMT ZRXT Z AMTZRXT ZAMT ZRXT
configlD-847 configlD-845 configiD-844
s e 7 — — —
320 1§
g 15 4 4
8
1.0 4 1
b os 15 -
L b R -
00 B s
ZAMT ZRXT ZAMT ZRXT Z AMTZRXT ZAMT ZRXT
configlD-843 configlD-842 configlD-841 configlD-840
T 2.0 A
215
& 1.0
,_,'_, 0.5 4 T ‘
0.0 1 = =
ZAMT ZRXT ZAMT ZRXT ZAMT ZRXT ZAMT ZRXT
configlD-807 configlD-806 configlD-805 configlD-804
25 4 N\ T
£ .5 N
7 P
& 1.0 -
u 05 DS e
00 == o e
ZAMT ZRXT ZAMT ZRXT ZAMT ZRXT ZAMT ZRXT
configlD-803 configlD-802 configlD-801 co
25 ' VAN
209
£_15
28
1.0 1
|
i, 15 -
0.0 N

ZAMTZRXI ZAMTZRXI ZAMTZRXI ZAMTZRXT
Fig. S8 Band structures of all the 20 B/N-codoping configurations that exhibit the
characteristic N dopant spatial orderings while the interstitial B is located elsewhere. The

energy values are referenced to the VBM of pristine anatase TiO,, which is set to be 0.0 eV.
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Fig. S9 Comparison of p-d coupling in rutile and anatase TiO,. a, Partial density of states
(PDOS) of N-p, and Ti-t,, orbitals in N-doped rutile TiO,. b, The illustrations of N-p, and Ti-z,,
orbitals in rutile TiO,. ¢, PDOS of N-p, and Ti-#,, orbitals in N-doped anatase TiO,. d, The

illustrations of N-p, and Ti-#,, orbitals in anatase TiO,.
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Fig. S10 Parity plot of the bandgap values of B/N-codoping configurations in rutile TiO,. The
x-axis corresponds to the DFT calculated bandgap values of B/N-codoping configurations, and the

y-axis corresponds to the respective bandgap values predicted by the trained XGBoost model.



config-1

_ 20Ty
3 15 -
£ 10 Bl
z 1|
Ei;bn 0.5 T
1 0.0z :
uy H
0.5 P\ ]
Z AMTZRXT Z AMTZRXT Z AMTZRXT Z AMTZRXT
config-7 config-10 config-11
20
S
@ 15 >N >N >N
o +-0 +-0 +0
-1 1.0 B 8 8
) :
gs 0.5 +>-Ti »>-Ti —»-Ti
w e s,
1 0.0 g gt
w
-0.5 Yl 1
Z AMTZRXT Z AMTZRXT Z AMTZRXT Z AMTZRXT Z AMTZRXT Z AMTZRXT
config-13 config-14 config-15 config-16 config-17 config-18
_ 20
>
@ 15 N >N >N >N >N
@ -0 -0 -0 -0 -0
g 1.0 -8 +B +B +B +8
2E +Ti +Ti +Ti +Ti +>Ti
s$ 0.5
[T R et =] ISR e |
I 0.0 i e S — -
w P B e et
05 ; : = S R
Z AMTZRXT Z AMTZRXT Z AMTZRXT Z AMTZRXT Z AMTZRXT Z AMTZRXT
config-19 config-20 config-21 config-22 config-23 config-24
20 Rty o= ot g BREERR
> i H H i H P
@ 15 >N >N N : N : N H gL
- -0 +0 -0 i +-0 i -0 {1 b0
£_1lo0 +B +B B || B | | »B i | B
a= T +-Ti -+Ti H +Ti LT LT
5205 : : : : i ! . P
I 0.0 PR Y
w ey B g it
SIS o N = =
Z AMTZRXT Z AMTZRXT Z AMTZRXT Z AM TZRXT Z AM TZRXT Z AMTZRXT
config-25 config-26 config-27 config-28 config-29 ~config-30 2
20 : s o BRI ER p——— ¥
> Pl i
@ 15 +N >N N i >N :
- -0 -0 -0 -0
"%z 1.0 »-B ..,? . B B
5% 05 M| o Nk e T
1 0.0 P ; i
CusEmmmN K= Smd B -

Z AM TZRXT

Z AMTZRXTI

Z AMTZRXT

Z AM FZRXT

Z AM FZRXT

i cfig—31 config-32 config-33 config-34 config-35 config-36
_ 2.0 SRS . : =
=
@ 15 >N N +—N +-N >N
o -0 >0 +-0 +0 +0
£_10 B B B 8 B
Ex >-Ti >Ti >Ti »>-Ti »>-Ti
&3 0.5 i H i i i
1 0.0 1 [t Tt ] |
il e T ' : ; :
05 B : N R v ;
Z AMTZRXT Z AMTZRXT Z AMTZRXT Z AMTZRXT Z AMTZRXT Z AMTZRXT
config-37 config-38 config-39 config-40
20
S
o 1.5 >N >N >N >N
R -0 -0 +-0 -0
£_10 B 8 8 +8
§ § 0.5 »-Ti +—Ti »-Ti -»>-Ti
w [T D
e =

Z AMTZRXT

Z AMTZRXT

Z AMTZRXT

Z AMTZRXT

Fig. S11 Band structures of the predicted 40 B/N-codoping configurations with the most
significant bandgap narrowing in rutile TiO,. The energy values are referenced to the VBM of

pristine rutile TiO,, which is set to be 0.0 eV.
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Fig. S12 Atomic structures and the corresponding electronic structures of B/N-codoping
configurations in rutile and brookite TiO,. a and b, Atomic structures of the two B/N-codoping
configurations in rutile TiO, with the most significant bandgap narrowing. ¢, Atomic structure of a
uniform B/N-codoping configuration in brookite TiO,. d-f, Band structures at the HSE06 level of

the B/N-codoping configurations illustrated in a-c, respectively. The energy values are referenced

to the VBM of pristine rutile/brookite TiO,, which is set to be 0.0 eV.
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Fig. S13 Optical photograph and UV-visible absorption spectra of B/N-codoped rutile TiO,.
a, Optical photograph of the prepared B/N-codoped rutile TiO, sample. b, UV-visible absorption

spectra of pristine and B/N-codoped rutile TiO,.

Preparation of B/N-codoped rutile TiO,

An amount of 75 mg of TiB, powder was suspended in a mixture solution of § mL of HCI aqueous
solution (1.5 M) and 12 mL of isopropyl alcohol containing 25 mg of NaNOs. The suspension was
transferred to a Teflon-lined autoclave. The acidic hydrolysis of TiB, at 180 °C for 24 h in an
autoclave led to the formation of rutile TiO, microspheres with the boron in the inner part. The
product (B-doped rutile TiO;) was collected by centrifugation, washed with deionized water three
times to remove dissoluble ionic impurities, and dried at 100 °C. To prepare the B/N-codoped rutile

Ti0,, the B-doped rutile TiO, was heated at 500 °C for 2 h with the NH; flow rate of 50 mL/min.
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Fig. S14 The effect of uniform N-doping on the band structure of ScTaQ,. a and b, Atomic
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which is set to be 0.0 eV.
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a uniform N doping configuration in WO;. b and ¢, Band structures of pristine WO; and the uniform
N doping configuration illustrated in a. The energy values are referenced to the VBM of pristine

WOs;, which is set to be 0.0 eV.
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Fig. S16 Band structures of the 24 N-doping configurations in SnO, that exhibit the most
uniform N dopant spatial orderings. The mutual distances between N dopants are annotated in

the titles of subplots. The energy values are referenced to the VBM of pristine SnO,, which is set to

be 0.0 eV.
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Fig. S17 Band structures of the 24 N-doping configurations in MgTa,0O, that exhibit the most
uniform N dopant spatial orderings. The mutual distances between N dopants are annotated in
the titles of subplots. The energy values are referenced to the VBM of pristine MgTa,0¢, which is
set to be 0.0 eV.



Table S1 Point groups of high-symmetry &-points in the first Brillouin zone of anatase, rutile and

brookite TiO,.
K point Coordinate Point group
Anatase TiO,
V4 (0.0,0.0,0.5) Cay
A (0.5,0.5,0.5) Dy
M (0.5,0.5,0.0) Dy,
R (0.0,0.5,0.5) Con
X (0.0,0.5,0.0) Cyy
r (0.0,0.0,0.0) Dy
Rutile TiO,
r (0.0, 0.0, 0.0) Dy
V4 (0.0, 0.0, 0.5) Dy
A (0.5,0.5,0.5) Dy
M (0.5, 0.5, 0.0) Dy
R (0.0, 0.5, 0.5) Day
X (0.0, 0.5, 0.0) Dy
Brookite TiO,
r (0.0, 0.0, 0.0) Dy
R (0.5,0.5,0.5) Doy
S (0.5,0.5,0.0) Cyy
T (0.0, 0.5, 0.5) Dsy,
U (0.5, 0.0, 0.5) Dop
X (0.5,0.0,0.0) Doy
Y (0.0, 0.5, 0.0) Dy
Z (0.0, 0.0, 0.5) Dy

The high-symmetry k-point which allows p-d coupling is highlighted in blue.



Table S2 Point groups of high-symmetry k-points in the first Brillouin zone of ScTaO,4, WO3, SnO,

and MgTa,0g.
K point Coordinate Point group
ScTaOy,

r (0.0, 0.0, 0.0) Con
A (-0.5, 0.5, 0.0) Cou
C (-0.5, 0.0, 0.5) Con
D (0.0, 0.5, 0.5) Con
D1 (0.0, 0.5, -0.5) Con
E (-0.5,0.5,0.5) Con
H (-0.48813803, 0.0, 0.51345699) C
H1 (-0.51186197, 0.0, 0.48654301) C
H2 (-0.48813803, 0.0, -0.48654301) Cs
M (-0.48813803, 0.5, 0.51345699) C
M1 (-0.51186197, 0.5, 0.48654301) C
M2 (-0.48813803, 0.5, -0.48654301) C
X (-0.5, 0.0, 0.0) Con
Y (0.0, 0.0, 0.5) Cou
Yl (0.0, 0.0, -0.5) Con
V4 (0.0, 0.5, 0.0) Con

WO,
r (0.0, 0.0, 0.0) Con
A (-0.5, 0.5, 0.0) Con
C (-0.5, 0.0, 0.5) Con
D (0.0, 0.5, 0.5) Con
Dl (0.0, 0.5, -0.5) Con
E (-0.5,0.5,0.5) Co
H (-0.49453391, 0.0, 0.51125689) Cs
H1 (-0.50546609, 0.0, 0.48874311) Cs
H2 (-0.49453391, 0.0, -0.48874311) Cs
M (-0.49453391, 0.5, 0.51125689) C
M1 (-0.50546609, 0.5, 0.48874311) C
M2 (-0.49453391, 0.5, -0.48874311) C
X (-0.5, 0.0, 0.0) Con
Y (0.0, 0.0, 0.5) Con
Y1 (0.0, 0.0, -0.5) Con
4 (0.0, 0.5, 0.0) Con

SnO,
r (0.0, 0.0, 0.0) Dy

z (0.0, 0.0, 0.5) Dy



A (0.5,0.5,0.5) Dy
M (0.5, 0.5, 0.0) Dy
R (0.0, 0.5, 0.5) Dy,
X (0.0, 0.5, 0.0) Doy
MgTa,04
r (0.0, 0.0, 0.0) Dy
V4 (0.0, 0.0, 0.5) Dy
A (0.5,0.5,0.5) Dap
M (0.5, 0.5, 0.0) Dy
R (0.0, 0.5, 0.5) Doy,
X (0.0, 0.5, 0.0) Doy,

The high-symmetry k-point which allows p-d coupling is highlighted in blue.



Table S3 Point groups of high-symmetry k-points in the first Brillouin zone of Csg gT1; 8304

K point Coordinate Point group
Cs0.68T11.8304
G (0.0,0.0,0.0) Cyy
R (0.5,0.5,0.5) Cyy
S (0.5,0.5,0.0) Cyy
T (0.0,0.5,0.5) Cyy
U (0.5,0.0,0.5) Ci
X (0.5,0.0,0.0) Ci
Y (0.0, 0.5, 0.0) Cyy
4 (0.0, 0.0, 0.5) Cyy

The high-symmetry k-point which allows p-d coupling is highlighted in blue.



Table S4 Mean (absolute) differences in the total energies and bandgaps calculated from the 117

B/N-codoping anatase TiO, configurations.

Mean Mean absolute Mean Mean absolute
difference in difference in difference in difference in
total energy total energy bandgap bandgap
(meV/atom) (meV/atom) (eV) (eV)

B3a minus B4 -4.03 4.03 -0.03 0.04
B3b minus B4 1.26 1.69 -0.03 0.04

B4 represents doping configurations with four-coordinated B. B3a and B3b represent doping
configurations with three-coordinated B in the basal plane and in the plane normal to the basal plane.
The calculation method for the results obtained in this table is as follows: Given one of the 117
doping configurations, termed as B4, the corresponding most stable doping configurations with a
three-coordinated B in the basal plane is termed as B3a. The energy/bandgap difference “B3a minus
B4” is calculated by subtracting the energy/bandgap of the B4 from that of the B3a. The mean value
of 117 such (absolute) energy/bandgap differences is the “mean (absolute) difference in

energy/bandgap”. Similarly, “B3b minus B4” were calculated.



Table S5 Performances of different ML models in predicting the bandgap values of B/N-codoping

configurations in anatase TiO,.

CGCNN model
Model ID # of model  feature Init max # of  # of conv RMSE (eV) MAE (V)
parameters  length method®  neighbors layer Train  Test Identified 20 Identified 20
cfg-1 5041 16 Random 12 2 0.04 0.06 0.12 0.10
cfg-2 5041 16 Random 24 2 0.03  0.05 0.10 0.09
cfg-3 5041 16 Random 30 2 0.03  0.05 0.10 0.08
cfg-4 6257 16 Pretrained 24 2 0.03  0.06 0.16 0.14
cfg-5 7281 16 Random 24 3 0.02  0.06 0.18 0.13
cfg-6 14145 32 Random 24 2 0.02  0.05 0.10 0.08
Dexp2 structure descriptor + XGBoost model
# of model Max value of nP RMSE (eV) MAE (eV)
Model ID
parameters x direction y direction zdirection Train Test Identified 20 Identified 20
cfg-1 5 1 1 1 0.02  0.07 0.19 0.17
cfg-2 5 2 2 2 0.03  0.08 0.22 0.20
cfg-3 5 3 3 3 0.03  0.07 0.22 0.21
This work
# of model RMSE (eV) MAE (eV)
Model ID
parameters No hyperparameters Train Test Identified 20 Identified 20
cfg-1 5 0.01 0.05 0.04 0.03

[nit method refers to the method for generating the initial representations of elements in a CGCNN
model. “Random” refers to generate a 4-dimensional random array for each element, “Pretrained”
refers to using the representations read from the “atom_init.json” provided in the cgcnn package.

bMax value of n refers to the power in the Dexp2 descriptor.



