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A B S T R A C T   

Hydrogen is an efficient alternative for conventional energy sources with a high gravimetric caloric value and zero-emission rate. Hydrogen evolution reaction (HER) 
is an efficient technique for hydrogen production via water electrolysis, but the process yields limited production of hydrogen gas due to less intrinsic activity of the 
electrode. Pt, in this case, is known as a state-of-the-art electrocatalyst for HER reaction, however, its application is limited due to high cost and less availability. In 
this study, the performance of less expensive transition metals embedded on phosphorene (TM@P) has been theoretically evaluated for HER through single-atom 
catalysis. TM@P sheet is optimized at various spin states. Gibbs free-energy change (ΔGH*) is calculated for the system with the most stable spin states to 
analyze the hydrogen binding strength on the surface of the catalyst, which is a key parameter to evaluate HER activity. The results showed that low-cost TM@P 
could be an effective alternative to noble metals with improved catalytic activity for HER, which is also supported by NBO analysis.   

1. Introduction 

More than 80 % of the world’s energy requirement is driven by fossil 
fuels. However, the chemical combustion of fossil fuels generates 
various chemical substances that contribute the enormous environ
mental issues [1]. Major by-products of fossil fuel consumption that 
deteriorate the environment include COx, NOx, and SOx, which results in 
the production of classical/London smog, photochemical smog, acid 
rain, and also contribute to global warming. Moreover, the expanding 
monetary values due to non-homogeneous geological distribution and 
inaccessibility to the underground reserves make it harder to pursue 
conventional fuel [2]. Therefore, it is a global need to switch to greener, 
eco-friendly, and renewable energy sources. 

Hydrogen fuel has recently gained much interest as it is 
environment-friendly with almost zero-emission and exhibits immense 
energy storage with a gravimetric caloric value of ~ 120 MJ kg− 1 much 
higher as compared to other conventional fuels (petroleum; 45 MJ/kg, 
Coal; 24 MJ/kg, Natural gas; 34–38 MJ/m3)[1,3–6]. Despite its abun
dance in nature, it’s obscure to isolate pure hydrogen. Currently, over 

95 % of hydrogen production is based on fossil fuel reforming, which 
results in extensive CO2 emissions [1,7,8]. Among currently practiced 
technologies, only water electrolysis is promised to be the greener 
source to obtain a large amount of hydrogen, however, it contributes to 
only 4 % of hydrogen production worldwide (Scheme 1b) [1,9,10]. 
Water electrolysis is comprised of two semi-reactions; hydrogen evolu
tion reaction (HER) and oxygen evolution reaction (OER) taking place at 
cathode and anode, respectively. HER is one of the safer and nature- 
friendly ways to produce hydrogen by water electrolysis, [11] and 
probably the most studied reaction in electrochemistry since its dis
covery [12]. Thermodynamically, HER is a multi-step reaction, proceeds 
either through Volmer-Heyrovsky or Volmer-Tafel steps on cathode 
interface in an electrolytic cell [13–15].  

H3O+ + e- + * → H* + H2O (Volmer-step)                                               

H* + H3O+ + e- → H2 + H2O (Heyrovsky-step)                                        

H* + H* → H2 (Tafel-step)                                                                    

The decisive step in the HER mainly depends upon the concentration 
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of H* (θH) [16,17]. A lower H* coverage ratio results in the Heyrovsky 
reaction, which proceeds by the combination of adsorbed hydrogen with 
a proton/water while attaining an electron from the surrounding. In the 
Tafel step, two neighboring H* combine to produce an H2 molecule. 

In recent years, substantial work has been done to investigate tran
sition metal-doped phosphides (TMPs) as HER electrocatalysts, and the 
results reveal the activity equivalent to noble metals [1]. It has been 
reported that the electrocatalytic activity of the catalyst is directly 
proportional to the number of exposed active sites. However, the net 
activity of the electrocatalyst suffers a loss during electrochemical 
application due to their particle morphologies. It has been well estab
lished that the particle with smaller grain sizes are electrochemically 
more active than the larger ones because of the fact that they have more 
exposed metal atoms. In this regard, only a single atom-based catalysts 
(SAC) and double atoms-based catalysts (DAC), are receiving a great 
attention due to their extra ordinary electrocatalytic activity, statbility, 
and selectivity.[25,26] The SAC is observed to have a great effect on the 
electronic structure of the substrate, which ultimately results in the 
better efficiency and charge transport for optimal adsorption of the re
actants.[27] Tiwari et al. fabricated and studied Pt-based catalyst with 
ultra low Pt loading of 1.4 μg supported on cm2 area of graphitic tube 
deposited with Cu on inner walls and encapsulated in FeCo alloy. This 
volume of Pt loading is about 1/80th of the commercial Pt loading on 
graphene sheets. The authors observed that the newly fabricated elec
trocatalyst performs 96 times better than Pt/C, and achieved 10 mA 
cm− 2 at overpotential of only 18 mV.[28] Nevertheless, Cu and Ru 
supported on N-doped graphene also exhibit an overpotential of 8 mV to 
deliver 10 mA cm− 2.[29] A very recent DFT study on MoS2 is carried out 
to modify and enhance their functionality by adsorption of various 
single transition metals. Wang et al. reported that SAC-based Co@MoS2 
is proven activity as a bifunctional electrocatalyst for water splitting 
with an ultralow overpotential of 0.3 V.[30] A first-principle-based 
calculation revealed that TMNx-doped (where TM = Ti to Ni) gra
phene SACs also exhibit excellent electrocatalytic activity for nitrate 
reduction reaction (eNO3RR), which consent with experimental results. 
[31] As an extension of SAC, Wu et al. presented a theoretical 
perspective of DAC, anchored on a suitable substrate as metal dimers. 
DACs are observed with comparatively better electrocatalysis activity 
due to multiple binding sites, mutual synergistic effect, and enhanced 
electronic properties.[32] Ha et al. used machine learning-based 
approach to theoretically study the 3d-5d TM-based SACs embedded 
in NxCy moieties, and predicted that TM@N2C2 complexes tends to form 
more easily, with higher electrochemical activity and chemical stability. 
Moreover, they reported some complexes with efficient bifunctionality. 
The higher stability are correlated with the stronger chemical bond 
between metal atom and support, which tends to resist the aggregation 
and dissolution of the metal atoms.[33] The major hurdle to HER is the 
lesser availability of efficient and cost-effective electrode material with 
high intrinsic activity. Pt is considered as the state-of-the-art electro
catalyst with excellent HER activity and long-term stability in acidic 
media, however, its application at industrial scale is limited due to its 
scarcity and less availability [44–46]. Therefore, in the last few decades, 
researchers have been searching to develop relatively cheap and highly 
efficient HER electrocatalysts. Fortunately, some of the heteroatomic- 
doped transition metals showed comparable activity to standardized 
Pt-based catalysts [34,47–52]. However, the major issue in their prac
tical application arises due to their less stability, limited on-edge active 
sites, and susceptibility to corrode under acidic media [53,54]. 

Recently, phosphorus-based transition metals gained a lot of atten
tion as efficient electrocatalysts due to their high intrinsic activity and 
low cost [1]. Their wide-scale applications in various fields, such as 
hydroprocessing [18], hydrodenitrification [19], and hydro
desulfurization [20] (HDS), demonstrate their efficient catalytic activ
ities. Moreover, their role in photocatalytic hydrogen production 
[21,22] and electrochemical oxygen production [23,24] has also been 
demonstrated due to their high electrical conductivity and tunable 

electronic structure. Phosphorene, which is an artificially created 
nanostructured black phosphorous (BP), is predicted to be a potential 
electrocatalyst for HER [55–57]. Recent studies on phosphorene nano
particles demonstrated excellent catalytic activity for HER in acidic 
media [58]. Liu and Rodriguez performed computational calculations on 
Ni2P using density functional theory (DFT) and evaluated its highly 
improved HER activity, even superior to Pt-based catalysts [34]. Xu 
et al. predicted the efficient activity of nanoporous phosphide-based Fe 
nanosheets [35], and plenty of work has also been done in the recent era 
on various P-based TMs, such as CoP [36] WP, [37,38] MoP, [39,40] 
Cu3P, [41,42] etc. to prove their elevated HER activity. He et al. 
examined MoS2 flakes on phosphorene nanosheets, and claim the better 
HER activity of this electrocatalyst [59]. Shao et al. reported experi
mental work on phosphorene to functionalize with NH2 and observed 
that the catalyst has an enhanced catalytic activity for HER [57]. 
Experimentally, the electrocatalytic activity of 2D BP-based materials is 
being observed to have an inverse relation with the number of layers in 
the 2D nanostructures, i.e., decreasing the size of the nanostructure can 
enhance the catalytic activity of the material towards HER [60]. There 
are a number of experimental reports on the production of hydrogen and 
water splitting using similar materials.[61–64] In this computational 
approach, we have discussed the effect of adsorption of first transition 
series elements (viz Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn) on the 
catalytic performance of pure phosphorene for HER, using density 
functional theory (DFT) calculations. We evaluated the catalytic per
formance of various metallic-adsorbed BP by computing their theoret
ical free energy (ΔGH) values for hydrogen adsorption For the catalyst, 
to have an extraordinary HER catalytic performance, the ΔGH value for 
hydrogen adsorption must be zero, which indicates the moderate 
hydrogen binding strength to the catalyst surface [65]. 

2. Computational details 

All DFT calculations in this study were performed with hybrid 
functional of Perdew, Burke, and Ernzerhof (PBE0) [66,67] on 
Gaussian09 (Rev. D01) [68], and the models have been visualized using 
GaussView 5.0 (Gaussian Inc.) and CYLview. The TM@P sheets have 
been optimized followed by the frequency calculations to calculate free- 
energy (using equation (1)) using Ahlrich’s triple-zeta (ζ) basis set def2- 
TZVP [69] along with Grimme’s empirical D3 correction [70,71] 

ΔGH* = ΔEH* − TΔSH + ΔEZPE (1)  

where ΔEH is hydrogen adsorption energy, ΔEZPE is the zero-point en
ergy change for adsorbed hydrogen and gaseous phase hydrogen, T 
denotes temperature (T = 298.15 K), and ΔSH is entropy difference. At 
298.15 K, TΔSH doesn’t change and equals − 0.20 eV. The hydrogen 
adsorption energy (ΔEH*) is defined as 

ΔEH* = E(TM@P+H) − E(TM@P) −
1
2
EH2 (2)  

where E(TM@P+H) and E(TM@P) are the energies of the complex with and 
without adsorbed hydrogen, respectively, and EH2 is the total energy of 
the gaseous phase hydrogen molecule. Zero-point energy (ΔEZPE) is 
obtained as: 

ΔEZPE = EZPEH* − EZPE* −
1
2

EZPEH2 (3)  

where EZPEH* represents the zero-point energy for adsorbed hydrogen on 
TM@P, EZPE* represents the zero-point energy for an active site, i.e., 
phosphorene-based TM only, and EZPEH2 is the zero-point energy of H2 in 
the gas phase [45]. Infiite sized 2D systems using periodic boundary 
condition have been used for the calculation of HER activity through 
DFT calculations in the past.[50,52]. 

All the results are analyzed and compared based on the Sabatier 
principle, which states that the efficient catalytic activity may be 
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observed for the electrocatalysts with intermediate free-energy change 
(or surface adsorption energy) i.e., ΔGH* ≈ 0 [72]. More negative ΔGH* 
value represents the stronger adsorption of the H atom on the catalytic 
surface, thus leading to low reaction kinetics and poisoned catalyst by 
binding permanently, while the catalyst with positive ΔGH* value re
sults in weak interaction with adsorbed H atom, hence desorption occurs 
before activation. Thus, for an efficient HER electrocatalyst, free-energy 
change must be closer to zero, which creates optimal conditions for 
adsorption and desorption of the H atom [60]. There have been a 
number of reports with DFT-based calculations and Sabatier principle to 
efficiently analyze and evaluate the catalytic activity of various mate
rials for HER [73–79]. 

3. Results and discussion 

3.1. Surface geometry and stability 

The binding geometries and adsorption energies have been calcu
lated for transition metals from the first transition series (Sc to Zn) 
adsorbed on the phosphorene sheet, and their catalytic properties have 
been described using the results from DFT calculations. The adsorption 
of atomic hydrogen on these SACs has also been investigated and their 
recombination into the H2 molecule has been proposed based on the 
Gibbs free energies of the SACs under study. During adsorption, metal 
atom sits on top of the cavity instead of fitting in the center of the cavity. 
We already reported it during our previous study using Cu@P fro CO 
oxidation reaction.[80] Similary in the current study different positions 
have been calculated for adsorption and the representative figure and 
table for the most stable system (Ti@P) has been given at Table S2 and 
Figure S1. 

Phosphorene is an artificially made two-dimensional zigzag-shaped 

semiconductor with puckered honeycomb-like structure and improved 
mechanical and electronic properties with a direct bandgap of 1 eV [81]. 
Phosphorene, also known as black phosphorous (BP), is comprised of 
Phosphorus atoms each bonded to three other phosphorous atoms in a 
single layer [43]. In order to efficiently evaluate HER catalytic activity 
of various TM@P sheets, a small section of infinite single-layered opti
mized BP is used as a prototype with a P–P bond length of 2.20 Å 
(Fig. 1). TM atom is adsorbed directly to phosphorus atoms in pure 
phosphorene sheet. The stability of the TM@P sheet is calculated to 
estimate whether it can be synthesized thermodynamically, by their 
binding energies (Ebind) using following equation [82] 

Eform[83] = ETM@P − (ETM + EP)

where ETM@P represents electronic energy of TM@P sheet, while ETM is 
the energy of a single TM atom acting as SAC and EP is electronic energy 
of optimized phosphorene sheet. For TM@P, we observed that more 
negative interaction energies exhibit greater affinity of SAC to phos
phorene sheet over bulk metal, and the positive energies would result in 
the aggregation of metals on the surface of the substrate [82]. Our re
sults shows that all the values for Eint lies between − 100 to − 300 kcal/ 
mol representing that the formation of complexes is thermodynamically 
favorable and do not tend to aggregate into bulk material.[84] However, 
this might not always be the case as some previous studies elaborated 
that the TM,if bind chemically to the sheet, could be trapped kinetically 
into their adsorption site, and their energy barrier would be so high to 
overcome normally.[85–87] For instance, the formation enegy of g-C3N4 
supported Pt and Pd SACs is calculated to be − 2.95 eV and − 2.17 eV, 
and later synthesized experimentally.[88] Moreover, in our previous 
studies, we have evaluated the stability of the TM at different adsorption 
sites and notice no considerable difference.[80]. 

Fig. 1. Depiction of two-dimensional, single-layered, optimized phosphorene sheet. H atoms have been added to complete the valence; (a) and (b) show the top and 
side view of optimized phosphorene sheet, respectively while (c) and (d) show the top and side view of optimized Cu@phosphorene complex. Cu atom is shown in 
green color. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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All of the complexes with and without TM atom are optimized at 
various spin states, and the most stable spin state with lowest energy (see 
Table 1) is used for further analysis. 

3.2. NBO analysis and charge transfer 

During the HER activity, rapid charge transfer caused by the excel
lent electrical conductivity of transition metals plays an important role 
[1]. Natural bonding orbitals (NBO) charge analysis of TM@P revealed 
that metals with explicit donor character perform better than others 
[89]. For instance, Ti@phosphorene (ΔGH* = − 0.296 eV) acts as a 
donor (with 0.988e charge), and transfers its charge density to phos
phorene sheet. The resulting electron density on Ti (0.571e) is suitable 
for optimum hydrogen binding. The binding of the H atom on a metal 
atom can cause charge redistribution through charge transfer. This trend 
is similar for other metals as if we compare Ti result with Ni@phos
phorene (ΔGH* = 0.954 eV). NBO analysis, in this case, reveals that Ni 
acts as an acceptor and accumulates charge on its surface (− 0.171e) 
from very surrounding P-atoms at the initial stage. After adsorption of a 
hydrogen atom on Ni@phosphorene, more charge is transferred by 
phosphorene sheet to Ni (− 0.341e) and the hydrogen atom (− 0.225e). 
Hence, the accumulation of more negative electron density at both 
atoms (i.e., Ni and H) makes it slightly difficult to develop an optimum 
compared to the Ti@phosphorene complex (Fig. 2). 

3.3. Hydrogen binding and the spin states 

The next step was to evaluate the HER efficiency of the electro
catalysts under study. The hydrogen binding strength is the key 
parameter to analyze HER catalytic activity for any material, which 
should neither be too weak nor too strong for an efficient electrocatalyst. 
[90] In case of weak hydrogen-catalyst interaction, there will be no 
reaction on the catalytic surface because it makes it difficult for the 
catalyst surface to bind the reactants, while stronger interactions make it 
harder for H2 molecules to get desorbed from the catalyst surface, which 
also lowers the activity. It means that the catalysts with ΔGH* ≈ 0 are the 
best ones for HER. 

Afterward, the adsorption of atomic hydrogen on the TM@P with the 
most stable spin state has been computed and ΔGH* for the complex has 
been calculated. The spin state of the complex changed after the addition 
of the hydrogen on the TM due to the addition of an extra electron of 
hydrogen atom. The ΔGH* values have been given in Table 2. 

Free energies given in Table 2 provide a quite useful way for pre
dicting the intrinsic activity of a catalyst under investigation for HER 
using DFT calculations. Yu Gan et al. reported poor adsorption intensity 
of hydrogen atom on pristine phosphorene sheet with ΔGH* value of 
1.23 eV [60]. The accepted standardized criterion for the adsorption of 
intermediate is that the value of ΔGH* must be closer to thermal neutral/ 
zero for effective HER performance. These descriptors can also predict 
the real active sites besides predicting the intrinsic activity of the HER 
catalyst. According to our results, Cost-efficient Ti-embedded 

Table 1 
Stable spin states of corresponding TMs of the first transition series adsorbed on 
the surface of phosphorene.  

Complex Stable Spin State Interaction Energies (eV) 

Phosphorene-Sc Doublet  − 5.409 
Phosphorene-Ti Triplet  − 8.006 
Phosphorene-V Quartet  − 8.313 
Phosphorene-Cr Quintet  − 11.780 
Phosphorene-Mn Sextet  − 9.758 
Phosphorene-Fe Triplet  − 11.087 
Phosphorene-Co Doublet  − 9.031 
Phosphorene-Ni Singlet  − 11.569 
Phosphorene-Cu Doublet  − 8.838 
Phosphorene-Zn Singlet  − 7.366  

Fig. 2. Charge transfer analysis of H-adsorbed at Ni@phosphorene (left) Ti@phosphorene (right); Ni acts as an acceptor in the complex while Ti act as a donor.  

Table 2 
Calculated free energy for an adsorbed hydrogen atom on the corresponding 
TM@P in their stable spin states.  

Complex Stable Spin State ΔGH* (eV) 

Phosphorene-Sc-H* Triplet  15.89238 
Phosphorene-Ti-H* Doublet  − 0.296 
Phosphorene-V-H* Triplet  − 7.436 
Phosphorene-Cr-H* Sextet  − 6.241 
Phosphorene-Mn-H* Sextet  − 6.241 
Phosphorene-Fe-H* Quartet  − 6.867 
Phosphorene-Co-H* Triplet  − 7.452 
Phosphorene-Ni-H* Doublet  0.954 
Phosphorene-Cu-H* Singlet  − 0.478 
Phosphorene-Zn-H* Doublet  − 5.457  
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phosphorene could have a good HER activity with ΔGH* value of −
0.296 comparable to that of Pt metal, followed by Cu-doped phos
phorene with free-energy of − 0.478 eV. Ni-doped phosphorene is also 
predicted to show a reasonable HER performance with ΔGH* value of 
0.954 eV. ΔGH* for Ti@phosphorene is much lower than other TMs in 
the first series, suggesting that the Ti site is the real active site on the 
phosphorene sheet. It is found that the HER activity of the first transition 
series doesn’t follow any particular trend. Our investigation revealed 
that Ti, Cu, and Ni-doped phosphorene sheets performed better HER 
catalytic activity than other transition metals on the first transition se
ries, with Gibbs free energy − 0.296, − 0.478, and 0.954 eV, respectively. 
Thus, those metals could be an effective electrocatalyst for hydrogen 
evolution reaction due to their much low cost and greater availability 
than expensive noble metals. A graphical representation of the ΔGH* 
values of all the transition metals of the first series are given in Fig. 3. 

4. Conclusion 

First-row TMs have been adsorbed at the phosphorene sheet followed 
by their optimization at various spin states. Hydrogen is adsorbed on the 
complex with the most stable spin state to calculate the Gibbs-free en
ergy change (ΔGH*), which is the key parameter to evaluate the HER 
catalytic activity for any material. Our results show that Ti@phos
phorene (ΔGH* = − 0.296 eV) can be an effective HER electrocatalyst to 
noble metals if further explored. The value of ΔGH* calculated for Cu and 
Ni complexes also exhibits better catalytic activity for HER than the rest 
of the first transition series metals. These results are also supported by 
NBO analysis, which demonstrates that the optimum binding of adsor
bed intermediate with catalyst surface, in the case of Ti complex, is due 
to its charge donation ability. Hence, according to the Sabatier principle, 
the HER catalytic activity for various TM@P is slightly less than state-of- 
the-art Pt metal. However, a huge cost difference between precious Pt 
metal and cost-efficient Ni could make it a suitable electrocatalyst for 
hydrogen production. 
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