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Abstract: The escalating global population and the urgent need for sustainable
energy solutions with minimal environmental impact have underscored the
significance of developing renewable energy sources. Hydrogen, as an energy
carrier and fuel, presents substantial advantages over other energy forms,
alongside diverse applications in medical treatments and the production of
critical chemicals like methane and methanol. Thus, hydrogen emerges as a
potential alternative to fossil fuel, offering a stable and clean energy solution. In
this study, we present a theoretical design of transition metal (TM) anchored
6,6,12-graphyne (GY) based catalysts for the hydrogen evolution reaction (HER)
using density functional theory (DFT). Our findings reveal that among all
evaluated systems, cobalt single-atom catalyst (SAC) anchored on 6,6,12-
graphyne exhibit the highest thermodynamic stability and superior HER catalytic
performance, with a remarkably low AGpy+ value of 0.042 eV. We have
investigated the density of states, HOMOs, LUMOs, electron density, and band
structures of our designed SACs. This work provides a practical strategy for
experimental groups to effectively tune the electronic structures of catalysts and
enhance their catalytic activity.

Keywords: single-atom catalysts; density functional theory; HER.
INTRODUCTION

The global population has surpassed seven billion and is projected to exceed
nine billion by the mid-21st century.! Correspondingly, energy consumption is
anticipated to rise from 16 terawatts (TW) in 2010 to 23 TW by 2030 and
potentially 30 TW by 2050.2 The critical challenges posed by environmental issues
and the extensive consumption of fossil fuels necessitate the development of high-
efficiency, green, and sustainable energy technologies.? Consequently, the demand
for renewable energy sources has surged, as conventional non-renewable energy
sources are finite. Renewable energy sources such as solar, wind, and thermal
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energy offer alternatives to traditional fossil fuels.* However, the uneven
distribution of these energy sources limits their large-scale applications.

Hydrogen is a clean and versatile energy carrier with significant potential as a
sustainable alternative to fossil fuels in future energy systems.® Molecular
hydrogen gas (H») is particularly attractive due to its high gravimetric energy
density (the amount of energy released per kilogram of fuel) and its
environmentally friendly combustion, which produces only water.. This makes
hydrogen an ideal candidate for low-carbon energy applications.®

Currently, most H» is produced via steam reforming of fossil fuels. However,
it can also be generated from renewable sources such as water and biomass, as well
as non-renewable sources like hydrogen sulfide. Water, one of the most abundant
resources on Earth, is a primary candidate for hydrogen production through water-
splitting methods."’

Hydrogen can be stored in various materials, including metal organic
frameworks, owing to their high surface area, customizable structures, and
versatile applications.®

The fundamental reactions in water splitting include the hydrogen evolution
reaction (HER) and the oxygen evolution reaction (OER). The production and
storage of hydrogen via electrochemical water splitting have garnered significant
attention from scientific communities, industries, and governments worldwide.
Under suitable conditions, water molecules can be decomposed into hydrogen and
oxygen through various methods and energy inputs, including electrolysis powered
by renewable energy sources.

One major challenge in this field is the design of electrocatalysts for HER that
offer appropriate efficiency at a reasonable cost. Precious metals and their oxides
have traditionally been used as water-splitting catalysts, but their high costs and
scarcity hinder widespread commercialization.” To overcome the high energy
barrier of HER, an efficient catalyst is required.!® Single-atom catalysts (SACs)
are gaining increasing attention due to their unique properties, including maximum
atom utilization efficiency, low cost, high activity, and high selectivity.''!?

A novel class of 2D graphyne nanosheets, featuring suitable porous carbon
structures with sp-hybridized carbon atoms, has been synthesized and proven
effective for supporting single atoms.!'*"'® Graphdiyne, an allotrope of graphyne,
has demonstrated promise as a nanomaterial for electrolysis'>!** and was
synthesized by Lee's group.?! One type of graphyne, GY, exhibits remarkable
properties that have led to various applications and considerable research interest.
Numerous studies have sought cost-effective electrocatalysts based on non-
precious transition metals, including Mo, Co, Ni, Fe, and their complexes.?>?

Tianwei et al. decorated graphdiyne with first-row transition metals (from Sc
to Zn) and Pt, investigating their efficacy as electrocatalysts for water splitting.
Their results showed that graphdiyne decorated with scandium, titanium,
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vanadium, iron, and platinum exhibited high catalytic activity towards HER.
Additionally, calculations indicated that graphdiyne decorated with platinum and
nickel are promising bifunctional electrocatalysts for water splitting.'? Faizan ef al.
used density functional theory to design and investigate first-row transition metal
monoatomic catalysts supported on graphyne, concluding that Ni SAC supported
on graphyne showed the highest thermodynamic stability and best HER catalytic
performance with a AGy~ value of 0.08 eV.>* Uwamungu ef al. studied the stability
and electronic properties of iron-doped graphyne-like BN-yne nanosheets, finding
that HER is significantly influenced by charge redistribution caused by iron on the
surface, increasing the number of active sites. Thus, iron-doped graphyne-like BN-
yne can be considered a promising electrocatalyst for HER.*

Among the different types of graphyne structures, 6,6,12-graphyne stands out
due to its significant thermal conductivity and directional anisotropy, attributed to
its non-sixfold symmetric structure. Despite the promising characteristics of
graphynes as electrocatalysts for water splitting reactions, 6,6,12-graphyne (GY)
has not yet been explored as an electrocatalyst for the hydrogen evolution reaction
(HER). This research aims to fill this gap by employing density functional theory
(DFT) computations to investigate the potential of GY, with single transition metal
atoms (TM = Fe, Co, Ni, Cu) anchored on its structure, to enhance HER catalytic
activities. This study highlights the novelty of utilizing GY for HER, showcasing
its unique properties and significant potential as a high-performance
electrocatalyst.

COMPUTATIONAL METHOD

In this research, all calculations were performed using density functional theory (DFT) via
the Dmol3 code (version 17.1.0.48).% The generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) functional was employed to describe exchange-correlation
interactions:?* The numerical double-numerical plus polarization (DNP) basis set, comparable
in quality to 6-31G sets, was used for all atoms. The long-range van der Waals interactions were
described using the empirical correction in Grimme’s scheme.?’” A convergence threshold of
10 Hartree for electronic self-consistent field (SCF) calculations and 10~ Hartree for total
energy, 0.002 Hartree/A for maximum force, and 0.005 A for maximum displacement for
geometry optimization were adopted. A 7x7x1 Monkhorst-Pack k-mesh was used for sampling
the Brillouin zone during the structural optimization of the supercell (2x2 unit cell) and for
electronic structure calculations. To simulate the H,O solvent environment with a dielectric
constant of 78.54, a conductor-like screening model (COSMO) was employed in all
calculations.?®

The intermediate states in HER (H*) were investigated by exploring multiple initial
configurations for hydrogen adsorption on both GY and TM@GY electrocatalysts. The
subsequent analysis focused on the most energetically favorable adsorption structures,
determined based on their minimum adsorption energies (AE.g). These AE.4 values were
calculated using the following equation®:

AEads = LCsubstrate + adsorbent substrate — Ladsorbent (1)
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where Eadsorbent, Esubstrates aNd Esubstrate + adsorbent are the total energies of the adsorbent, the
substrate, and the substrate-adsorbent composites, respectively. More negative AE,qs values
indicate stronger binding between the catalyst and the intermediate, as well as better
thermodynamic stability.

Hydrogen production from water splitting involves two steps: a) atomic H adsorption on
the catalysts, and b) formation and release of H, molecules.*® When one H atom is adsorbed on
the catalyst, the calculated intermediate state energy determines the HER reaction barrier
(overpotential for the electron). Consequently, HER performance can be assessed through AGyx.
The following equation describes the production of H,!:

AGy+

H* +e +* ——>H* ()
where * and H* represent the active site and the adsorbed intermediate, respectively.
Under standard conditions (pH =0, U= 0, and 298.15 K), the chemical potential of H" + ™ (u+
+ ) 1s equivalent to that of 1/2 Hy (1/2 pmz). In other words; i+ + e = 1/2 umo, based on the
calculation hydrogen electrode model.’! The ideal AGy,value for HER is zero. Both weak and
strong binding energy of the intermediate state can lead to poor HER efficiency. Therefore,

AGh, is obtained by the following equation?:

AGH* = AEH* + AEZPE - TASH* (3)

where AEy- is the energy of hydrogen adsorption, obtained from equation (1). ASy+ is the
entropy difference between the gas phase and the adsorbed state, and T is the temperature at
298 K. AEzp is the zero-point energy difference between the H, gas phase and the absorbed H,
given by>:
Hx* * 1 ~H,
AEzpe = Ezpe — Ezpe — 5 Ezpg 4)
where E;pg is the zero-point energy of the pristine substrate, EX5y is the zero-point energy
of adsorbed hydrogen on the substrate, and EZ?E is the zero-point energy of gas-phase H,. Due
to the small calculated vibrational entropy of the adsorbed state H*, the adsorption entropy of
1/2 Hyis ASy=-0.5 Sf,z, where Sf,z is the entropy of gas-phase Ha, approximately 130 J/(mol-K)
under standard conditions.?* According to Nerskov's hypothesis,?® the overpotential of the
hydrogen evolution reaction (#E®) is obtained using the following equation:
AGy«
pHER = 2] 5)
To explain the HER kinetics under standard conditions, |A G| is used to derive the volcano
curve for the theoretical exchange current (ig)**:
, 1
fo = —eko 73 exp (|AGy.| /kpT) (6)
where kv, ko and T are the Boltzmann constant, the reaction rate constant at zero
overpotential, and the temperature, respectively. For illustrative purposes, ko is set to 1.
Additionally, molecular dynamics (MD) simulations with an NVT ensemble were used to
evaluate the thermodynamic stability of the catalysts. The MD simulation lasted for 2000 steps
with a time step of 2.0 fs, and the temperature was controlled at 300 K using the Nosé—Hoover
chains method.*
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RESULTS AND DISCUSSION
HER performance of pure GY

In this section, we present our findings on the performance of GY-based TM
as a HER catalyst. We began our investigation by examining the GY monolayer
(Fig. 1). To ensure accurate results, we used a supercell large enough to prevent
interactions between adsorbates in two periodic units. Figure 2 illustrates the
density of states (DOS) and the band structure of the supercell. Our calculations
revealed that the band gap of 6,6,12-graphyne is 0.061 eV.Following this initial
characterization, we proceeded to evaluate the HER performance of various TM
atoms anchored on the GY structure. Our aim_.was to identify promising
electrocatalysts for the HER based on their performance at different active sites.

a

Fig. 1. (a) The GY unit cell; (b) The (2 % 2) GY supercell, showing the possible binding sites
(S1, Sz, S3,S4 and Ss) for single TM atoms and the hydrogen intermediate.

We further decorated GY with various TMs (TM = Fe, Co, Ni, Cu) at the five
introduced sites. The binding energies were negative for all structures. According
to the results, when the metal atom is anchored at S1, the binding energies are
much larger than at other sites, indicating that S, is the most energetically stable
site. The binding energies for Fe@GY, Co@GY, Ni@GY, and Cu@GY were -
5.76, -5.72, -5.92, and -3.76 eV, respectively. Additionally, the most negative
absorption energy is related to nickel. These large binding energies indicate strong
chemisorption between the GY monolayer and TM atoms, which is favorable for
catalytic processes.
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Fig. 2. (a) The band structures of the 2 x 2 supercell GY; (b) DOS of the 2 x 2 supercell GY,
with the Fermi level indicated by the red dashed line.

To evaluate pure GY as an electrocatalyst for hydrogen production, the
adsorption of intermediate H at five different sites with varying distances on the
GY substrate was investigated. The results are listed in Table I. According to Table
I, the energy of hydrogen adsorption at the Ss site (sp-hybridized C) is
thermodynamically favorable, with a Gibbs free energy change and overpotential
of 0.15 eV and 0.15 V, respectively.

Table 1. Final distance of H intermediate from the substrate, total energy (Eo) and absorption
energy (Eaq) at different sites

Site Distance / A Eiowt / €V Eu/ eV
Sy 1.10 -74582.70 0.15
S 2.02 -74580.63 2.22
Ss3 2.23 -74579.90 2.95
S4 1.10 -74582.51 0.35
Ss 1.10 -74582.83 0.02

The formation energies of TM@GY were further calculated using the
expression Er = Eiow + tc — (Egy + Etm), where Ew is the total energy of
TM@GY, Ecy is the energy of pristine GY, Erwm is the energy per atom of the
transition metal, and pC is the chemical potential of a single C atom in GY. The
formation energies for Co@GY, Ni@GY, Fe@GY, and Cu@GY were -5.72, -
5.93,-5.76, and -3.76 eV, respectively. These low formation energies suggest that
TM@GY catalysts can be easily synthesized experimentally.’® The
thermodynamic stability of the Co@GY catalyst was tested under standard
conditions. The results indicated that the energies oscillate near the equilibrium
state, with no significant structural reconstruction at the end of the MD simulation
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(Fig. 3), demonstrating the good thermodynamic stability of Co@GY in the HER
catalytic process.
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Fig. 3. Fluctuations of energy and temperature during MD simulations of Co@GY catalyst.

Stability, and electronic properties of structures

The band structures of Fe@GY, Co@GY, Ni@GY, and Cu@GY were
computed to assess their electrical conductivities. As shown in Fig. 4, there is no
effect of spin polarization for Co@GY, Ni@GY, and Cu@GY, with no difference
between the states related to alpha and beta spins, indicating no magnetic moment
creation. For Fe@GY, the alpha and beta spins do not align, creating a local
magnetic moment. The energy gap for Ni@GY is 0.024 eV, while it is zero for the
other structures. HOMOs and LUMOs are shown in Fig. S1.
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Fig. 4. Band structures (at GGA-PBE level) of (a) Fe@GY, (b) Co@GY, (c) Ni@GY, and (d)
Cu@GY, with the zero line indicating the Fermi level.

The density of states (DOS) in Fig. 2 shows the semimetallic property of the
pristine GY monolayer. Importantly, all TM@GY nanosheets present decreased
band gaps and most exhibit metallic properties after decorating with TM atoms.
The PDOS for TM@GY is presented in Fig. 5. The predominant peaks of TM-d
states crossing the Fermi level imply high carrier density, enhancing electronic
conductivity of TM@GY monolayers and favoring electrocatalytic processes. The
difference electron density of TM@GY are also calculated (Fig. 6), showing

Co@GY and Ni@GY catalysts display more charge density, especially over the
acetylenic ring.
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Fig. 5. Partial density of states (PDOS) of TM@GY. The Fermi level is set to zero.
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Fig. 6. Difference electron density images of (a) Fe@GY, (b) Co@GY, (c) Ni@GY, and (d)
Cu@GY; blue and red colors represent charge depletion and accumulation, respectively.
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HER performance of TM@GY

The origin of the electrocatalytic activity of TM@GY catalysts for HER is
explored. Table II presents the AG. values for H* adsorption on pristine GY and
on 6,6,12 - graphyne decorated with various TMs. For the Ss site of pristine GY,
the AGux value is 0.15 eV, indicating a weak binding strength between C and H
atoms. However, after decorating the GY monolayer with TM  atoms, the
acetylenic C and sp and sp2 hybridized carbon atoms of TM@GY samples can
become active sites (Fig. 7). This modification significantly alters the hydrogen
adsorption properties of the material, potentially enhancing its catalytic activity for
HER.

Fig. 7. Possible active sites on TM@GY for the hydrogen evolution reaction.

The TM@GY catalyst shows an increased number of active sites and
enhanced catalytic performance, particularly at the Co, Fe (Csp), and Co (Csp) sites,
with AGy= values of 0.042, 0.044, and 0.060 eV, respectively. These values are
comparable to the state-of-the-art Pt catalysts (—0.09 €V)?” and close to the ideal
value (AGy+ = 0 eV), indicating that decorating TM atoms at the acetylenic ring is
an effective strategy for increasing active sites and boosting catalytic activity for
HER. The electron transfer from TM atoms to acetylenic carbon atoms improves
the interaction between H and acetylenic C atoms (Table S1), moving AGw. closer
to zero. These changes are attributed to charge redistribution introduced by TM
atom decoration.*® According to Table II, Ni@GY and Cu@GY are unsuitable
catalysts for hydrogen production, as all values are positive. The most stable
adsorption configurations are shown in Fig. S2.

Table II. Calculated Gibbs free energy changes (eV) of the H atom binding on GY and TM
(AGH (TM)) and carbon atoms (AGw (Csp) and (AGw (Cgp)) for different TMs supported on GY
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TM@GY AGy (TM) AGH (Cyp2) AGi (Cy)
Fe@GY 0.453 0.601 0.044
Co@GY 0.042 0.624 0.060
Ni@GY 0.954 0.189 0.590
Cu@GY 1.810 0.178 0.501
GY - - 0.15

The volcano diagram in Figure 8 reveals that the data points for the cobalt and
sp carbon sites in Co@GY, as well as the sp carbon in Fe@GY, are positioned
very close to the volcano peak. This proximity indicates that the Gibbs free energy
(AGwy-) for the adsorption of intermediate hydrogen species at these sites is nearly
zero, representing an optimal balance between hydrogen adsorption and desorption
processes. Such favorable energetic conditions lead to a decreased overpotential,
minimizing the energy barrier for hydrogen adsorption and desorption steps, while
also enhancing the efficiency of the  hydrogen evolution reaction (HER).
Consequently, these sites exhibit improved catalytic activity compared to other
positions on the catalyst surface, suggesting that Co@GY and Fe@GY,
particularly at their sp carbon sites, could be promising candidates for highly
efficient HER electrocatalysts.
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Fig. 8. Hydrogen evolution reaction volcano curve of exchange current (i) plotted as a
function of the Gibbs free energy of H* (AGu.) adsorption on possible active sites of GY and
TM@GY catalysts and Calculated free energy diagram for TM@GY catalysts under standard

conditions (pH = 0, U = 0 relative to the standard hydrogen electrode, and 298.15 K).

CONCLUSION

In this study, we computationally screened four single TM atoms decorated
on GY as potential catalysts for HER. The calculated results demonstrate that
single TM atoms can strongly bind at the acetylenic-ring center of the GY
monolayer, exhibiting metallic properties or reduced band gaps. The strong
binding strength of these single TM atoms indicates that the GY monolayer is an



MOTAGHI et al.

excellent substrate for designing SACs. Among the catalysts studied, Co@GY
exhibited the best HER performance with a minimum AGg, of 0.042 eV, closely
followed by Fe@GY with a AG. of 0.044 eV at the sp-hybridized carbon atom
site. These findings provide valuable insights for designing new, high-
performance electrocatalysts for HER. Our results underscore the potential of GY
decorated with single non-precious metals as promising alternative HER catalysts,
offering a path towards more efficient and cost-effective hydrogen production
technologies.

SUPPLEMENTARY MATERIAL

Additional data are available electronically at «the pages of journal website:
https://www.shd-pub.org.rs/index.php/JSCS/article/view/13006, or from the corresponding
author on request.

HU3BOJ

[TOBOJBIIALE PEAKIIMJE U3IBAJAHA BOJOHUKA KOPUIIIRELEM ATOMA METAJIA
HA 6,6,12-TPAOUHY: DFT CTYJUJA

FATEMEH MOTAGHI, HOSSEIN MOHAMMADI-MANESH'
Department of Chemistry, Faculty of Science, Yazd University, Yazd, Iran.

Harnu pact rnobamHor CTaHOBHMINTBA M XWUTHA I1oTpeda 3a OAPKUBHM pellemHMa 3a
€HEeprijoM ca MUHUMAJIHUM YTHIAjeM Ha ’KUBOTHY OKOJIMHY, UCTAKIW Cy 3HAyaj pa3BHjama
0DHOB/BMBUX M3BOpa eHepruje. BomOHMK, Kao HOCHIALl eHepruje U rOpUBO, NpefcTaB/ba OUTHY
NPeJHOCT Hap OPYrdM OOMHLIMMA eHepruje, Nopen OCTAIOr MMa NPUMEHY y MEIULIMHCKUM
NOCTyIIIIMMa ¥ TPOM3BOAKY KPUTHUHMX XEeMHUKajIHja, IONYyT MeTaHa M MeTaHona. Tako ce
BOZIOHUK jaBJbd KA0 ITOTEHIIMjaTHA aJITepHATHBA (POCHIIHUM rOPUBUMA, HyZiehH cTabHUIHO B YUCTO
pelleme 33 EHEPryjy. Y 0BOj CTYIOMjH TPeCTaB/baMO TEOPHjCKY IHU33ajH KaTalu3aTopa 3aCHOBAHOT
Ha rpesasHom metainy (TM) sakaueHoM Ha 6,6,12-rpaduH (GY) 3a peakuujy u3nBajamba BOJOHUKA
(HER) xoprictehu Teopujy dynxuuoHana ryctune (DFT). Hamu Hamasu OTKpHBajy fia 0f CBHUX
UCIIPODaHUX CUCTEMA, KODaNTOB jemHOaTOMCKH KaTanu3atop (SAC) 3axaueH 3a 6,6,12-rpadpun
HCII0/baBa HAjBULIYy TEPMOANWAHMHUUKY CTaDWIHOCT, HCNoObaBajyhy HajBUILY TEPMOSUHAMUYUKY
crabunHoct ¥ HagMohHo HER kartamuTHuko J1ejcTBO, ca YyOWwbHBO HHUCKOM BpenHouhy AGw: of
0,042 eV. UcnutrBanu cMo ryctuty crama, HOMO, LUMO, eneKkTpoHCKy IyCTHHY W CTPYKTYPY
Tpaka Hammx pgusajuupanux SAC-oBa. OBaj pam obesbehyje mpakTuuHy cTparterdjy 3a
eKCIIepUMeHTaTopcKe Tpyne na edHKacHO Iofece eNeKTPOHCKe CTPYKType KaTalusaTopa U
nosehajy BUXOBY KaTaJIUTHUKY aKTUBHOCT.

(ITpumbeno 10. aBrycra 2024; pesuaupaHso 17. HoBembpa 2024; npuxsaheHo 27. janyapa 2025.)
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