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Computational screening of transition metal-doped CdS for
photocatalytic hydrogen production
Yuting Li 1,2, Daniel Bahamon1,2, Mutasem Sinnokrot1,3 and Lourdes F. Vega 1,2✉

A novel computational screening study of single transition metal (TM), TM-doped, and dual TMs-doped on CdS (110) surfaces via
DFT calculations is presented, focusing on their stability and catalytic activity, searching for efficient photocatalysts for hydrogen
production. Criteria based on key performance descriptors allowed to fine-tune the selection. Results indicate that TM dopants can
reduce the energy band gap and enhance impurity d-states. Pt, Rh, and Pd were found to be the best dopants in TM-doped CdS,
since their ΔGHj j is 80% smaller compared to the pristine CdS surface. Moreover, TM1-TM2-co-doped CdS catalysts show better
performance for the hydrogen evolution reaction (HER) due to synergistic effects of the two TMs, where Co-Pt, Pd-Pt and Co-Rh co-
doping CdS significantly reduced ΔGHj j to less than 0.1 eV. Results point out four promising novel co-catalysts (i.e., Co, Co-Pt, Co-Rh,
Rh-Ag) with very good performance in HER, to be further explored in experimental studies.
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INTRODUCTION
The impact of greenhouse gases emitted from the consumption of
fossil fuels on climate change renders green hydrogen an ideal
and sustainable energy source for the near future. This green
hydrogen can be produced, among other methods, from water
and/or hydrogen sulfide photocatalysis utilizing solar energy
without any greenhouse gas emissions1–4. As a consequence, the
semiconductors utilized in H2O and H2S photocatalysis have
attained considerable scientific attention for their potential to use
solar energy for the hydrogen evolution reaction (HER)5–10.
Cadmium sulphide (CdS) has been extensively studied as a

visible light-active semiconductor for HER by virtue of its low cost,
proper band edges for visible light response, and proton
reduction11,12. However, the facile recombination of electron-
hole pairs and the poor photo-stability of bare CdS make its wide
application in various photocatalysis fields very challenging.
Loading co-catalysts11,13 on the catalyst surface has proved to
be an efficient approach to regulate the electronic structures and
enhance the photocatalytic activity of materials for various
applications. Particularly, experimental work has been done on
doping CdS catalysts with transition metals (TM), such as Pt14–24,
Pd20–22, Rh20–22, Ru20,22, Cu25, Ni26, co-doped Pt-Pd27, co-doped
Zn-Cu28, and co-doped Ti-Ni29, among others. These experimental
works determined that suitable co-catalysts could provide
trapping sites for the photogenerated electrons, improve the
stability of the catalysts by timely consuming the photogenerated
charges, and provide active sites for the HER, significantly
reducing the reaction barriers and achieving high photocatalytic
efficiency30. However, despite these advances, achieving higher
quantum yields and selectivity still poses a great challenge,
making it essential to understand how to improve visible light
utilization and conversion efficiency.
In recent years, advances in DFT calculations have proven to be

very helpful in guiding the selection or design of catalysts for efficient
hydrogen generation, significantly accelerating the development of
new catalysts31–34. For instance, Zhou et al.35 investigated various
adsorption geometries of H*, HO*, O*, and H*/HO* on CdS and ZnS

(110) surfaces, and explained the experimental fact that bare CdS is
not an active photocatalyst for water splitting, but that Pt co-catalyst
could significantly improve the catalytic activity and HER efficiency.
Garg et al.36 studied the electrocatalytic activity of TM -doped CdS
nanotubes (TM= Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag, Os, Ir, Pt, and Au) for
electrochemical water splitting by spin-polarized DFT calculations.
Activity analysis indicated that Pd- and Ru-doped CdS with the lowest
overpotential were the best catalysts for oxygen evolution reactions
and HERs, respectively, outperforming pristine CdS nanotubes and
bulk CdS. Wu et al.37 used DFT to investigate the formation and
electronic structures of native defects and TM (Mn, Fe, Co, and Ni)
doping on zinc-blended CdS. Ni doping significantly narrowed the
band gap of zinc-blended CdS, which indicated that proper loading
of Ni improved the light adsorption performance of nano-sized CdS
photocatalysts. Moreover, co-doping of active metals would further
enhance the catalytic activity over single-doped catalysts. In this
regard, Kim et al.38 investigated 13 dopant TMs (Mn, Fe, Co, Ni, Cu, Ru,
Rh, Pd, Ag, Os, Ir, Pt, Au) and their 91 binary combinations for co-
doping into CeO2 surfaces. They found that Cu and (Cu, Ag) with the
lowest oxygen vacancy formation energy were the optimal
candidates among the single and binary dopants, respectively.
To the best of our knowledge, previous studies have almost

exclusively focused on the applications of electrocatalysis and the
doping effects on the catalysts’ fundamental properties. Therefore,
systematic theoretical analysis is still required for developing
multifunctional, highly active, and stable catalysts for photo-
induced H2O and H2S splitting, especially working on the dual
metal co-catalyst. Hence, a top-down approach is used to perform
a systematic computational screening to identify the proper co-
catalysts that meet the desired requirements for photocatalytic
H2O and H2S splitting. Inspired by previous catalyst screening
studies39,40, we have investigated TMs from 3d (Sc, Ti, V, Cr, Mn, Fe,
Co, Ni, and Cu), 4d (Ru, Rh, Pd, and Ag), and 5d (Os, Ir, Pt, and Au)
series doped at the Cd vacancy site of the CdS (110) surface.
Selected dual transition metals co-doped into the CdS (110)
surface were also investigated by DFT calculations, to assess their
performance vs. single metal dopants.
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RESULTS AND DISCUSSION
Figure 1 shows a schematic diagram of the followed screening
process for determining the proper TMs doped on the CdS (110)
surface in terms of selected descriptors for green hydrogen
generation; details about the screening workflow are provided in
the METHODS section. We first investigated selected properties of
single TM-doped on the surface (Cd1�xTMxS; x ¼ 0:035, herein-
after referred as TM@CdS), followed by searching for the presence
of synergistic effects on the catalyst stability and activity of dual
metal-doped CdS system (Cd1�x�yTMxTMyS; x þ y ¼ 0:07,
denoted as TM-TM@CdS). Finally, the TMs and binary TM dopants
fulfilling the screening criteria were determined as the most
suitable photocatalysts for HER.

Structural features and stabilities of the TM@CdS
Optimized geometric features of TM@CdS surfaces (depicted in
Supplementary Fig. 1) show that a single TM-doped on the surface
does not drastically change the orientation of the crystal lattice,
and the TM@CdS surface remains highly symmetric. However, TM
doping induces the change of adjacent atom positions and
deformations of local bond lengths to reach a new equilibrium
state. The bond length values between metal and sulfur atoms on
the first layer of TM@CdS surfaces are presented in Fig. 2. It should
be mentioned that the bond length of Cd-S in the pristine CdS
(110) surface was found to be 2.48 Å, consistent with previous DFT
calculations35. After embedding one TM atom on the top layer of
the defective CdS surface, the metal–sulfur bond length was
reduced by up to 11%, where Cu@CdS surface contains the
shortest metal–sulfur distance. Comparing the results in the same
series, the overall trend of bond length in 3d series decreases with
the increasing of the atomic number; however, the reverse trend is
observed for the late transition metals in 4d and 5d series, and
there are specific discontinuities for Mn and Ru dopants. In order
to interpret the bond length variation, we further explored the
spin magnetization, oxidation states and partial charge density of
the TMs (included in Supplementary Table 1). According to the
spin analysis, it was found that the oxidation states of the TM
dopant atoms were the same as the Cd(II) site, although, the spin
magnetization and partial charge density are different between all
TMs. We also found that the pattern of bond length is consistent
with the pattern of partial charge density variation. This
observation can be attributed to the variations in the ionic radius
of TM, explicit charge transfer between the TM and the ligand, and
their valence electrons in the (n-1)d and ns orbitals.
As structural and chemical stability are universally applied

metrics to evaluate a dopant as a reliable co-catalyst, the structural

stability of the TM@CdS surfaces was investigated in this work. The
binding energies (Eb, see Eq. (1)) of transition metal atoms
embedded in the CdS surface, and the cohesive energies of bulk
metal (Ec , see Eq. (2)) are graphically represented in Fig. 3. All
calculated Eb of TM@CdS present negative values, with the
Sc@CdS being the most negative one (i.e., −8.26 eV) and Ag@CdS
being the least negative (i.e., −4.02 eV). These values are similar to
those found in previously available computational studies39,41. It is
noticeable that Eb values exhibit an upward trend from Sc to Zn in
3d TM-doped systems. Likewise, Ru to Ag in 4d series and Os to Au
in the 5d series display the same upward trend. These results
suggest that the later TM atoms (e.g., Zn, Ag, Au) are less prone to
form single active sites on the CdS surface. It is also observed in
Fig. 3 that the Eb of all doped specimens are more negative than
their corresponding Ec , excluding Os@CdS, indicating that the
aggregation of TM atoms is unfavorable for most of the studied
TM atoms, stably and uniformly doping the CdS surface, and
acting as active sites. Thus, the TM@CdS surfaces, except Os@CdS,
would present excellent stability in catalytic reactions.
Furthermore, the formation energies (Ef , see Eq. (3)) of TM@CdS

were calculated, and results are presented in Fig. 3. The Ef of
TM@CdS ranges from −0.63 eV (Sc@CdS) to −0.54 eV (Os@CdS).
Os@CdS shows the largest Ef , pinpointing possible difficulties of
experimentally preparing this catalyst. Considering the three types of
calculated energies, it is fair to say that most of the TM@CdS, except
Os@CdS, can be easily prepared experimentally, potentially having
better catalytic performance in the HER than bare CdS. Therefore,
Os@CdS system is discarded for the next step of the evaluation.

Electronic structure of the TM@CdS catalysts
The electronic structure can provide deep insights into how to
optimize the efficiency and activity of photocatalysts. As
presented in Fig. 4, doping one TM atom on the CdS surface
causes a decrease in the band gap by enhanced impurity states
near the Fermi level, which is beneficial for electron transfer and
photocatalytic reactions. The validation of the predicted band
gaps with the pristine CdS and some TM@CdS can be found in
Supplementary Table 2, showing very close results, with errors
below 5%, thus corroborating the reliability of the calculations.
As inferred from Fig. 4, the top energy potential of the valence

band of pristine CdS surface is more positive than the oxidation
potential of S/H2S and O2/H2O, and the bottom energy potential
of the conduction band is more negative than the reduction
potential of H+/H2, indicating that H2S and H2O dissociation
reactions can be carried out at this pristine CdS surface.
Meanwhile, the valence band maximum (VBM) and conduction
band minimum (CBM) of all TM@CdS materials are more negative
and more positive than the hydrogen reduction potential and the
S2− oxidation potential, respectively. However, the band edges of

Fig. 1 Screening protocol for the discovery of transition metal-
doped CdS catalysts. The followed process includes (1) examination
of the structural stability ofdifferent TM@CdS surfaces based on
their corresponding binding energies (Eb), cohesive energies (Ec),
and formation energies (Ef); (2) the band gap and d-band center to
estimate the optical and electronic properties; (3) the change in the
Gibbs free energy (ΔG) of the adsorbates. The right panel shows a
schematic representation of theTM-doped CdS (110) catalyst.

Fig. 2 Bond length between the doped metal and sulfur atoms on
the top layer of TM@CdS surfaces. The order of the TM dopant
from left to right is as follows: 3d series (yellow), 4d series (green),
and 5d series (blue). The dashed line is a guide to the eyes.
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Sc@CdS, Ti@CdS, Cr@CdS, Cu@CdS, and Ir@CdS do not straddle
the water oxidation potentials, demonstrating that they can only
be utilized for the H2S splitting process because the driving force
for H2O splitting reaction is not strong enough. Additionally,
Sc@CdS, Ti@CdS, and Ir@CdS exhibit a band gap smaller than
1.23 eV, suggesting that Sc, Ti, and Ir are not good potential
dopants for photocatalytic H2S and H2O splitting.
With respect to the order from 3d to 4d series, the early TM

dopants significantly reduce the energy gap and tune the
electronic structure of the surface, pointing out that it is much
easier to excite an electron from the bound state into a free state,
where it can participate in conduction, resulting in a very high
reactivity. Miller et al.42 also demonstrated that early TMs are very
reactive with excessively tight binding to the reaction intermedi-
ates and thus poisoning the catalyst surface, while the late TMs,
especially the metals with high oxidation states (d8, d9 states)
provide the most desirable balance in adsorption and desorption
behavior. Moreover, pristine CdS suffers severe photocorrosion
under light irradiation due to the rapid recombination of the
excited electrons and holes, but TM@CdS catalysts have lower
reduction potential compared to pristine CdS, as electrons transfer
from CdS to TM. Hence, TM dopants could serve as electron
reservoirs to trap electrons from the conduction band of CdS,
which promotes electron extraction and slows the recombination
of electron-hole pairs. It is also observed that TM@CdS surfaces
show narrower band gaps compared to pristine CdS, which can
increase visible light adsorption capability and, consequently,
enhance the photocatalytic HER performance.
The d-band center for metals has been extensively utilized to

study activity trends in catalytic reactions on metal surfaces43.
When spin polarization is considered in the calculation for

magnetic surfaces, it is desirable to consider two d-band centers,
i.e., spin-up states and spin-down states; when the degree of the
spin polarization is smaller, the two d-band centers are close to
each other43. The converged spin magnetization for the studied
TM metals has been included in Supplementary Table 1. Figure 5
presents the energy of the spin-polarized d-band center relative to
the Fermi level for the studied systems. It was found that the d-
band centers of different transition metals dopants are in the
range of −6.71 to 3.35 eV, being the relative distance between the
d-band center energy and its Fermi energy for pristine CdS
surface, the second largest compared to other systems. In the TM-
doped systems, as the d-states approaches the Fermi energy,
antibonding orbitals can be shifted up through the Fermi level
and become an empty molecular orbital to increase the bond
strength. Therefore, doping one TM atom to the CdS catalyst
surface is beneficial to increase the energy of the d-states relative
to the Fermi level, modifying the band structure of the bare
catalyst and further improving the adsorption strength and
catalytic activity. The impurity d-states of TMs placed near the
Fermi level could also increase the electrical conductivity
compared to pristine CdS surface, confirmed by partial DOS
analysis in a previous work36. Figure 5 also shows that Sc, Cu, Zn,
Ru, Rh, Pd, Ag, Ir, Pt, and Au-doped CdS surfaces are non-
magnetic, because of the similar d-band center locations from
spin-up and spin-down states (i.e., the spin-up and down of
density of states, DOS, are highly symmetric). Other considered
TMs-doped surfaces show significant inconsistent d-band center
locations, being magnetic; these sub-bands further split into
majority (spin-up, blue dots in Fig. 5) and minority (spin down,
yellow dots in Fig. 5) spin sub-bands, and only spin minority
electrons take part in the bonding with the adsorbate in the
ferromagnetic case44. As highlighted by Gao et al.45, “the higher
d-electron occupation and deeper d-band center (of spin down)
normally result in a weaker intermediate’s binding strength”.
Therefore, based on this relative distance between the d-band
center energy of the minority spin and the Fermi energy

Fig. 3 Binding energy Eb (gray column, left axis) of TM embedded into CdS catalyst, cohesive energy Ec (orange column, left axis) of TM
bulk, and formation energy Ef (blue column, right axis) of TM@CdS catalyst. The order of the TM dopant from left to right goes from 3d
series to 5d series. Data are available in Zenodo.

Fig. 4 Relationship between band structure of TM@CdS semi-
conductor and redox potentials of H2S and H2O decomposition
computed with the HSE06 hybrid functional. The order of the TM
dopant from left to right: 3d series (highlighted in yellow), 4d series
(highlighted in green), and 5d series (highlighted in blue). Data are
available in Zenodo.

Fig. 5 Calculated spin-polarized d-band centers relative to the
Fermi level for TM@CdS structures. Data are available in Zenodo.
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εd � Efj jð Þ, the catalyst activity shows the following order:
Cu > Rh > Pt > Pd > Ir > Ag > Au > Ru > Ni > Co > Sc > Ti > Zn > Fe ≈
CdS > Cr > V >Mn. Consequently, TM@CdS catalysts with εd � Efj j
smaller than the pristine CdS surface are considered as a criterion
for improved catalytic activity via TM doping. Hence, Fe, Cr, V, and
Mn @CdS are excluded from the rest of the analysis performed in
this work, based on the d-band center calculations, leaving Cu, Rh,
Pt, Pd, Ag, Au, Ni, Ru, Co, Zn @ CdS catalysts as the ones to be
further investigated for the adsorption of H2S, H2O and their
dissociation intermediates.

Comparison between H2S and H2O splitting on TM@CdS
surfaces
For H2S and H2O splitting processes, we have considered the
important reaction steps relevant to H2S adsorption, H2S dissocia-
tion, H2O adsorption, and H2O dissociation, respectively, and HER
steps. The dissociation reactions for H2S and H2O are initiated with
the splitting of one S–H bond and O–H bond for the subsequent
formation of HS and OH on the catalyst’s surface, respectively.
Therefore, to investigate the dissociation of H2S and H2O on the
TM@CdS surfaces, the adsorption structures and energies of H2S,
HS, H2O, and OH on Co, Ni, Cu, Zn, Ru, Rh, Pd, Ag, Pt, and Au-doped
CdS (110) surfaces were determined and compared among them.
The atomic configurations of adsorbed H2S and H2O on the

pristine CdS (110) surface and the nine different transition metal-
doped surfaces are provided in Supplementary Table 3. Compar-
ing the most stable configurations of H2S, HS, H2O, and OH, it is
clear that the H2S molecule and single H atom are favorably
absorbed and bound with one of the S atoms on the top layer in
the pristine CdS and Cu, Zn, Ag, Au-doped CdS surfaces. However,
in most of the HS adsorption systems, HS preferentially bonds with
one TM atom. Conversely, in the H2O and OH adsorption systems,
H2O and OH adsorbates tend to bond with TM atoms and two
other adjacent Cd atoms to form a triangular conical structure.
The Gibbs free energy changes for H2S, H2O and intermediates

adsorbents were also calculated (Eq. (4) and Eq. (5)), since the
adsorption of reactants and intermediates (e.g., chemisorption) on
the catalyst surface is very relevant for a heterogeneous catalytic
reaction, being the Gibbs free energy of OH, ΔGOH , normally
considered as a descriptor for oxygen reduction reaction activity.
Figure 6 shows the comparison of the calculated Gibbs free
energy of H2O and H2S adsorption on the pristine CdS surface and
the TM@CdS surfaces. A negative value of adsorption energy
implies an exothermic chemisorption process. Within a suitable

range of adsorption energies, the lower the adsorption energy, the
higher the adsorption strength and capacity, which indicates
stronger interaction between catalyst and adsorbate. As seen in
Fig. 6, all studied systems, except Ni@CdS, present a negative
value of the H2S adsorption energy. In addition, comparing the
results with pristine CdS surface, after doping the surface with
different transition metals, the adsorption energies for H2S, HS,
H2O, and OH decrease, except for Au, Ni, Zn, and Cu @CdS
surfaces.
As extracted from Fig. 6a, the Ni-doped surfaces require external

energy for the H2S adsorption process, and the Au-doped surface
releases less energy than pristine CdS surface for H2S adsorption
process, indicating that Ni and Au dopants are not suitable for H2S
splitting applications. In addition, it is observed in Fig. 6b that the
H2O adsorption energy of Zn and Cu @CdS are less negative
compared to pristine CdS surface, signifying relatively lower
efficiency for H2O splitting applications. Conversely, the Ru, Rh, Pt
doped CdS catalysts present very negative adsorption energies for
all H2S, HS, H2O, and OH adsorption on the surface.
Since the Gibbs free energy of the elementary step of HER

depends on the Gibbs free energy of intermediate H adsorption (
ΔGH , see Eq. (6)), we have analyzed the adsorption characteristics
of H on the Ni, Cu, Ru, Rh, Pd, Ag, Ir, Pt, and Au-doped CdS (110)
surfaces. For this purpose, we have applied the Volmer–Heyrovský
mechanism for the HER, which involves the adsorption of a proton
following the electron deduction (H++ e−) and the formation of
H*, then in the next step generating molecular hydrogen 1

2 H2
� �

.
Figure 7 presents the Gibbs free energy change of the pristine CdS
surface and TM@CdS surfaces for HER. It shows that the ΔGHj j for
pristine CdS (1.11 eV) is very high compared to the results of TM-
doped surfaces, indicating that the pristine CdS (110) surface is
not highly efficient for the HER. Remarkably, Pt@CdS (0.18 eV),
Rh@CdS (0.13 eV) and Pd@CdS (0.11 eV) surfaces show minimum
values of ΔGHj j, demonstrating that these are the most active
catalysts among all TM@ CdS surfaces for HER, in agreement with
some experimental studies22,46–48. Meanwhile, Ag and Au @CdS
systems show relatively lower HER activities with quite large
values of ΔGHj j (values of −0.82 and 1.05 eV, respectively).
Moreover, as shown in Supplementary Table 3, the structure of

TM@CdS surfaces with H* adsorption demonstrates that H* prefers
to be adsorbed at the top site of TM atoms, and there is a strong
interaction between the H* atom and d orbitals of TM atoms,
indicating that these metals act as active sites for HER. Considering
that Cu, Au, Ni, and Zn-doped surfaces are not suitable for either

Fig. 6 Adsorption energies on thepristine CdS (110) surface and TM@CdS surfaces. Gibbs free energies (ΔG) for H2S and HS (a), and
energies for H2O and OH (b). The dashed line was set to compare the results of TM@CdS systems with pristine CdS surface. Data are available
in Zenodo.
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H2S or H2O splitting reactions, we selected six types of transition
metals (Co, Ru, Rh, Pd, Ag, and Pt) for further investigating dual co-
catalyst doped on CdS surface. Note that Zn-doped surfaces are
discarded because they provide similar Gibbs adsorption energy
values to bare CdS (see Figs. 6 and 7), not justifying the doping.
To further gain insights into the electron transfer and atomic

interaction between the adsorbed H and the TM@CdS surfaces, we
present in Fig. 8 the calculated charge density difference
distributions (CDDD) for the pristine CdS and the selected six
types of TM@CdS surfaces with H adsorption, calculated by Eq. (7).
It is shown that the H atom interaction with the S atom in the
pristine CdS surface leads to a charge rearrangement around the S
and Cd atoms on the first and second layer of the material. In the
pristine CdS system, there is a charge density reduction around
the H atom and then the S atoms on the surface accept the
corresponding electrons. When H adsorbs on the TM@CdS surface,
the active sites shift to TM atoms and the charge distribution
around TM atoms declines. Electrons are found to transfer from
the adsorbed H atom to the first layer TM atoms, and TM@CdS
surfaces are considerably polarized upon the adsorption of H, with
the electrostatic interactions playing a key role. The polarization in
the Rh@CdS, Pd@CdS and Pt@CdS systems are stronger with a
larger CDDD isosurface and more charge transfer between H atom
and surfaces than the other TM@CdS surfaces, giving rise to a

larger interaction energy, which explains why Rh, Pd, and Pt co-
catalysts give relatively higher reaction activity.
The partial density of states (PDOS) of the pristine CdS and the

optimal TM@CdS surfaces are provided in Supplementary Fig. 2. For
the PDOS of H adsorbed on pristine CdS, the spin-up and -down of
density of states (DOS) are highly symmetric indicating that pristine
CdS is a non-magnetic surface. In the DOS diagrams, the peaks
between −6 and −2 eV are mostly contributed from p orbitals of
sulfur, which is similar with TM@CdS systems. However, there are
only small resonant peaks of H around 3 eV in the PDOS diagram of
pristine CdS, in sharp contrast to the TM-doped systems. According
to PDOS of TM@CdS, the s orbital of H always overlaps with the d
orbital of the TM atoms, indicating a strong interaction between the
H atom and TM atoms. The resonant peak of the d bands of TM
atoms splits into several peaks in the energy range of−5 eV to 1 eV,
and the hybridization peaks move to the lower energy range,
especially for Co, Ru, Rh, and Pd atoms, resulting in a strong
hybridization between TM and sulfur atoms in CdS surfaces.

High-throughput screening of TM1-TM2@CdS surfaces
According to previous experimental studies13,22, dual co-
decorated CdS photocatalysts have better efficiency for hydrogen
generation under visible light irradiation. To select the optimal
dual metal-doped CdS catalyst for HER applications, we have
calculated the formation energies and the electronic structures of
21 TM1-TM2@CdS surfaces, as well as the Gibbs free energies of H
adsorption on the surfaces. Supplementary Fig. 1c and d, show the
geometry of the studied TM1-TM2@CdS (110) surfaces, where TM1
and TM2 denote the selected transition metals (i.e., Co, Ru, Rh, Pd,
Ag and Pt) based on the analysis from previous sections. Similar to
single-atom doped systems, TM1 and TM2 atoms have replaced
two Cd atoms on the top layer of the surface. As shown in Fig. 9a,
all the studied TM1-TM2@CdS surfaces present a negative
formation energy ranging from −0.588 eV to −0.521 eV, indicating
that these surfaces are thermodynamically stable. According to
the colors of the heat map for the calculated formation energies,
the Pd-Pd@CdS system shows the lowest formation energy
(−0.588 eV) with the highest stability, and it is also more stable
compared to the calculated formation energy of a single Pd atom
doped system (−0.57 eV, as seen in Fig. 3). In addition, the
formation energy of each TM1-TM2@CdS is different when
compared to its corresponding single-doped system TM@CdS.
Thus, the introduction of the second transition metal can change
the stability of catalysts’ samples.
As previously mentioned, the HER activity can be assessed by a

crucial descriptor, i.e., the Gibbs free energy of hydrogen
adsorption, ΔGH . We have calculated ΔGH for the most stable
configuration of H adsorption. The light green color in Fig. 9b

Fig. 7 Gibbs free energy diagrams of the pristine CdS surface and
TM@CdS surfaces for HER. H* indicates the adsorbed hydrogen
atom on the doped CdS surface. Data are available in Zenodo.

Fig. 8 The charge density difference of the optimized H adsorption on the pristine CdS (110) surface and TM@CdS surfaces. Same color
code as Fig. 1, with H=white. Yellow (blue) isosurfaces represent electron accumulation (depletion) states.
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indicates ΔGH values close to zero; the closer the value of ΔGHj j to
zero, the higher the HER activity is. Therefore, results indicate that
Rh-Rh, Co-Pt, Pd-Pt, Co-Rh, Rh-Pt, Pt-Pt, Rh-Pd, and Rh-Ag@CdS
have the potential to be excellent HER catalyst according to their
small Gibbs free energies of hydrogen adsorption (−0.018,
−0.075, 0.077, −0.084, −0.101, −0.131, −0.137, and −0.195 eV,
respectively).
The CDDD of H adsorbed on these optimal TM1-TM2@CdS

surfaces are shown in Fig. 10 to reveal the charge migration on the
top layer of the surfaces. When the H atom bonds with TM2
atoms, a built-in electric field would form at the top layer of
surface, which drives the electrons to migrate through dual
metals, eventually reaching a new charge equilibrium. Strikingly,
the electrons on the TM2 are transferred to the TM1, corroborating
the strong electron coupling effect between the H, TM1, TM2 and
sulfur atoms on the top layer. Compared with the CDDD of
TM@CdS systems (see Fig. 8), doping dual metals on the surface
can further facilitate the photogenerated electron transfer and
greatly enhance the separation of the photogenerated electrons
and hole.
The PDOS with the contribution from H and TMs atoms have

been calculated to address the underlying mechanism of the H
adsorption at the dual metal side. The plots are shown in
Supplementary Fig. 3, revealing that there are large resonant peaks

of H around 2 eV and −5 eV, and hybridized with the d orbitals of
TM1 or TM2, exposing that the interaction between H orbitals and
TM-d orbitals have been improved with the favorable synergetic
effect of the presence of TM1 and TM2. The impurity states are
completely occupied by doped TM atoms. More importantly, the
electrons from a single TM atom can be shared and interact with
another TM atom, creating new electronic states and new active
sites. Thus, dual metal deposited on CdS can create and enlarge the
reaction areas and serve as oxidation sites to consume the
aggregated holes. Consequently, the propitious synergistic effects
of TM1 and TM2 on electron extraction and hole depletion ensure
an effective charge separation, resulting in a significant enhance-
ment of the HER activity of the TM1-TM2@CdS photocatalysts.
Finally, to ensure the screened catalysts can be properly used

for phocatalytic H2S and H2O splitting, the band structure of
optimal TM1-TM2@CdS has been analyzed. Based on the results of
the calculated band gap, CBM and VBM (see Supplementary Fig.
4), Rh-Rh@CdS presents a narrow band gap of 0.85 eV and
insufficient negative CBM for the H2 evolution potential, being
removed in this later stage of the screening as a potential
candidate of dual metal-doped CdS. Hence, loading dual co-
catalyst including Pd-Pt, Rh-Pt, Pt-Pt and Rh-Pd@CdS show
cooperative effects, providing a great potential to be used as
ideal HER catalysts just for H2S splitting, while Co-Pt, Co-Rh, Rh-Ag

Fig. 9 Formation energy (and Gibbs free energy of hydrogen adsorption for the studied 21TM1-TM2@CdS structures. Formation energy,
Ef (a), and Gibbs free energy, ΔGH (b). The abscissa andordinate represent TM1 and TM2 of the TM1-TM2@CdS surfaces. The color responds to
the value of the studied property for each surface, as indicated in the color scale. Data are available in Zenodo.

Fig. 10 Charge density difference of the optimized H adsorption on the pristine CdS (110) surface and TM1-TM2@CdS surfaces. Color
code TM1= blue, TM2= red, the rest as Fig. 8. The order of dopants is the HER activity.
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@CdS, with a small value of ΔGH less than 0.2 eV and good
stability, can be regarded as the most ideal HER catalysts for both
H2S and water splitting.
In summary, a series of TM atoms embedded in the single Cd

vacancy and dual Cd vacancies of the CdS (110) surface were
systematically investigated to screen out the best materials for
high-efficient HER. The screening and selection was performed
based on key performance indicator descriptors, starting from
their stability, band gap and d-band center, and activity. It was
found that all the studied TM@CdS surfaces, except the Os@CdS,
are stable, with uniformly embedded TMs into the CdS surface as
active sites. Meanwhile, Cu, Rh, Pt, Pd, Ag, Au, Ni, Ru, Co, Zn @ CdS
show suitable electronic properties for photocatalytic H2S splitting
and H2O splitting. For the HER, six types of transition metals (Co,
Ru, Rh, Pd, Ag, and Pt) doped on the surface show a lower
ΔGadsorbate (i.e., H2S, HS, H2O, OH, H) compared to pristine CdS
surface, making them clear candidates for further investigation of
dual co-catalysts doped on the CdS surface. Compared with the
existing experimental work, this study predicts that a new type of
catalyst (i.e., Co@CdS), not experimentally explored yet, could have
good performance in H2S and H2O photocatalysis. Moreover,
based on the calculated results for 21 co-doped TM1-TM2@CdS
surfaces, the Co-Pt, Co-Rh and Rh-Ag@CdS structures show good
stability and better HER activity for both H2S and water splitting
applications than TM@CdS, suggesting the synthesis and experi-
mental testing of these four novel photocatalysts.
The insights obtained from this work explain at the electronic

and mechanistic levels why transition metals doped on CdS
photocatalysts can improve the HER performance compared to
the pristine CdS surface, with DFT allowing to quantify and rank
the performance of the different doped surfaces. In addition, it has
also been demonstrated that dual metal decorated CdS photo-
catalysts could dramatically improve the efficiency for HER
compared to single metal decorated catalysts, which also provides
robust guidance on synergy modulation for designing optimal
catalyst candidates based on CdS for green hydrogen production.

METHODS
Computational details
Spin-polarized DFT calculations were performed with the VASP suite
of programs (v6.2.0)49. The electron exchange-correlation interactions
were described with the generalized gradient approximation (GGA)
with the Perdew−Burke−Ernzerof (PBE)50 functional, using the
potentials supplied by VASP with the projector-augmented-wave
(PAW) pseudopotentials51. Moreover, in order to accurately investi-
gate the electronic structures of magnetic surfaces and avoid the
underestimation of band gaps by PBE methods, we performed spin-
polarized hybrid DFT calculations by using the Heyd-Scuseria-
Ernzerhof (HSE06)52 hybrid functional with a 25% Hartree–Fock
exchange. The empirical correction (DFT-D3) was included to
describe the long-range van der Waals (vdW) interactions. A plane-
wave basis set with an energy cutoff of 500 eV was adopted in all
calculations. The electronic self-consistency was converged to within
10−5 eV atom^-1, while the ionic positions were fully relaxed until the
residual force acting on each ion was less than 0.02 eV Å^-1. Since
the equilibrium morphology of CdS zinc-blended crystalline phase
only consists of the (110) surface53, we systematically studied the
dopant of TMs on the CdS (110) surface by replacing one or two Cd
atoms with TMs at the top layer of the surface. The bulk of 1 × 1 × 1
unit cell, and slabs of 2 × 2 unit cells with seven layers were used. The
upper three layers were allowed to relax while the bottom layers
were constrained with bulk geometric parameters to simulate a bulk
environment. Monkhorst–Pack k-point meshes of 4 × 4 × 4 and
2 × 3 × 1 were used for the CdS bulk system and for the slab
systems, respectively. A full relaxation was performed searching for
the optimal spin magnetization and to obtain the magnetic ground

state, i.e., the minimum energy of the system. The spin magnetization
of the doped TM systems was then calculated, after convergence, as:
# electrons in the up-spin components - # of electrons in the down-
spin components. It should be mentioned that, if the system
corresponds to an isolated molecule/cluster, then the total
magnetization will be an integer (etc. 0, 1, 2…). However, if for
instance, the system is periodic (as in our case), the spin multiplicity is
defined for the total system, not for the unit cell, and then decimal
numbers may be obtained. Moreover, please notice that the spin-
states of TM doping on the support can be different depending on
whether it interacts with a pure or impurity site and may affect the
reactivity of metal atoms. For a detailed explanation, the reader is
referred to the work by Shalabi et al.54. To ensure the accuracy of the
computational results, we first compared the parameters of the bulk
system with experimental studies. The obtained optimized lattice
parameters for bulk CdS (5.87 Å) and the band gap for CdS (110)
surface (2.45 eV), are both in good agreement with the experimental
values55 and previous theoretical calculations56.

Energy calculations
The binding energy Ebð Þ of the TM atoms embedded in the
defective CdS surface was calculated as follows39:

Eb ¼ ETM@CdS � ECdS � n:ETM (1)

where n is the number of metal atoms in its bulk structure,
ETM@CdS; ECdS and ETM denote the total energies of TM-embedded
CdS surface, defective CdS surface and TM atoms, respectively. A
more negative Eb value of TM atoms to the substrates indicates a
better stability of the structure. Conversely, a more positive Eb
value of TM atoms denotes a higher possibility of TM agglomera-
tion to form metal clusters on the catalyst surface, which could
compromise the formation of active sites and the catalytic
efficiency.
The cohesive energies of bulk metal materials Ecð Þ can be

obtained by39:

Ec ¼ Ebulk � n:ETMð Þ=n (2)

where the Ebulk is the energy of bulk metal and ETM is the energy of
a single metal atom.
In addition, the formation energy57 of TM embedded in the

defective CdS Efð Þ was calculated as:

Ef ¼ ETM@CdS � a:μCd � b:μS � n:μTMð Þ= aþ bþ nð Þ (3)

where ETM@CdS is the same as in Eq. (1), a and b are the number of
Cd and S atoms in the system, respectively, and μCd; μSand μTM are
the chemical potentials of Cd, S, and TM from their bulk structure,
respectively. A negative Ef denotes that the synthesis process is
exothermic and thermodynamically favorable.
The reaction activity was evaluated by calculating the Gibbs free

energy for adsorbates as:

ΔGadsorbate ¼ ΔEadsorbate þ ΔEZPEð Þ � TΔS (4)

where ΔEadsorbate represents the adsorption energy of molecules
and intermediates (H2S, HS, H2O, OH and H), T denotes the
temperature 300 K, and ΔEZPE and ΔS are the difference in zero-
point energy (ZPE) and the entropy between the adsorbed state
and gas phase, respectively. Specifically, ΔEadsorbate for H2S, HS,
H2O, OH adsorbates were calculated as35:

ΔEadsorbate ¼ ETM@CdSþadsorbate � ETM@CdS � Eadsorbate (5)

where ETM@CdSþadsorbate denotes the energy of TM@CdS with H2S,
HS, H2O or OH adsorbates, and the Eadsorbate is the energy of H2S,
HS, H2O and OH in the gas phase. Notably, the adsorption energy
of H adsorbate was defined as58:

ΔEH ¼ ETM@CdSþH � ETM@CdS � 1=2ð ÞEH2 (6)
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where ETM@CdSþH represents the energy of TM@CdS with H*
adsorbed hydrogen atoms, and the EH2 is the energy of H2 in the
gas phase. The BEP relation59,60 and the Sabatier principle61 has
been extensively applied in the literature62–67 for metal doping
systems. Based on the BEP relation, the Sabatier principle states
that the active site with a ΔGH closest to zero (lower ΔGHj j)
demonstrates the best H2 evolution performance in electrocata-
lysis applications. A higher positive value of ΔGH indicates a
stronger resistance for the chemical reduction reaction; conver-
sely, a more negative value of ΔGH denotes that detaching
protons from the catalyst surface will become more difficult57.
Lopato and coworkers68 reported that the Sabatier principle was
also applicable to the photocatalytic H2 evolution.
The charge density difference of the system, Δρ, was calculated

from69:

Δρ ¼ ρTM@CdSþadsorbate � ρTM@CdS � ρadsorbate (7)

being ρTM@CdSþadsorbate; ρTM@CdS and ρadsorbate the charge density of
TM@CdS surface with the adsorbate, surface and free adsorbate
systems, respectively.
Simple but thermochemical reasonable descriptors enabling the

representation of catalyst properties and photocatalytic activities are
essential for discovering or designing new catalysts via computational
screening. For instance, the formation energy of transition metal
doping36,37,39, band gap energy of catalysts13,40, the d-band center for
transition metals43,70, and the gas adsorption energy of key reaction
intermediates41,58,69,71 have been commonly proposed to guide the
screening protocol of catalysts in the literature. Figure 1 shows a
schematic diagram of the followed screening process for determining
the proper transition metals doped on the CdS (110) surface. The
detailed process includes: (1) examination of the structural stability of
different TM@CdS surfaces by calculating their corresponding
binding energies (Eb), cohesive energies (Ec), and formation energies
(Ef); (2) the band gap and d-band center were introduced as the
second descriptor to estimate the optical and electronic properties,
which can provide a basis for screening potential candidates for
photocatalytic H2O and H2S splitting. For initiating the redox reaction
of H2S and H2O splitting, the valence band edge potential (maximum
valence band, VBM) should be more positive than the S2− oxidation
level (0.14 V vs NHE at pH= 0) and water oxidation level (1.23 V vs
NHE at pH= 0), respectively. While the edge potential of the
conduction band (minimum conduction band, CBM) for both cases
should be more negative than the H2 evolution potential (0 V vs.
NHE)8. In addition, the band gap width of semiconductors should be
less than 3.0 eV (>400 nm) and greater than 1.23 eV (<1000 nm) to be
utilized in the UV/visible region (i.e., wavelengths from ca. 380 to 750
nanometers). (3) The change in the Gibbs free energy of the
adsorbed adsorbates ΔGH2S;ΔGHS;ΔGH2O;ΔGOH;ΔGHð Þ was com-
pared with pristine CdS surface to evaluate the HER activity.

DATA AVAILABILITY
Data are available in the Zenodo open repository at https://doi.org/10.5281/
zenodo.7056972.
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