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Electrochemical oxidation of water to produce highly reactive hydroxyl radicals ("OH) is the dominant
factor that accounts for the organic compounds removal efficiency in water treatment. As an emerging
carbon-based material, the investigation of electrocatalytic of water to produce "OH on Graphdiyne (GDY)
anode is firstly evaluated by using first-principles calculations. The theoretical calculation results
demonstrated that the GDY anode owns a large oxygen evolution reaction (OER) overpotential
(n°ER=1.95V) and a weak sorptive ability towards oxygen evolution intermediates (HO*, not "OH). The
high Gibbs energy change of HO* (3.18eV) on GDY anode makes the selective production of ‘OH
(AG=2.4eV) thermodynamically favorable. The investigation comprises the understanding of the
relationship between OER to electrochemical advanced oxidation process (EAOP), and give a proof-of-
concept of finding the novel and robust environmental EAOP anode at quantum chemistry level.
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Electrochemical advanced oxidation process (EAOP) is an
intriguing technology in water treatment due to it can efficient
produce hydroxyl radicals "OH, which is a reactive species could
decompose refractory organics with a high second order reaction
kinetics in 10-10'° L mol~! s~! order [1-3]. As an vital component
in EAOP, the choice of anode is significant for environmental
applications related to wastewater treatment using "nonactive"
anode [1-3], which owns high overpotential toward oxygen
evolution reaction and could generate ‘OH with “quasi-free” state
[1,4-6]. And then, the organic pollutants undergoing the process of
the reaction involved with "OH (Eqs. 1 and 2) [6-9]. Under this
context, “active” anode produces oxygen favorable Eq. 3, which
enhance the oxygen evolution reaction (OER) and the partial
oxidation of the contaminants. While “nonactive” anode favors the
mineralization of the organic compounds through an indirect
mechanism involving a strong oxidizing mediator ("OH radicals)
[6-8].

H,O - 'OH + H" + e~ (1)
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‘OH + pollutant — degradation products (2)

2H,0 — O, + 4H" + 4e~ (3)

Thus, a precondition for an ideal EAOP anode should maintain a
high oxygen evolution potential (OEP) to avoid side OER reaction,
and a weak adsorption energy towards ‘OH to produce “quasi-free”
‘OH.

The anodes with high overpotentials for oxygen evolution, such
as p-PbO,, Ti/SnO,, and boron-doped diamond (BDD), are
intensively investigated and employed in the EAOP [10-12].
Concerning the typical “nonactivity” characteristic, the BDD is
the state-of-the-art EAOP catalyst, since it can produce quantity of
“quasi-free” "OH [4]. Learning from previous studies, the “non-
active” characteristic of BDD anode was attributed to the surface
carbon configuration, the sp? and sp> carbon on BDD surface [13].
Nevertheless, overcoming its inherent high cost and manageability
remain as main challenges to achieve a pilot-scale operation [13],
thus the development of other carbonaceous EAOP anode is highly
desirable.

Graphdiyne (GDY), since found by Li’s group, which could be
obtained by a facile cross-coupling reaction on copper foil using
hexaethynylbenzene as the precursor [14,15]. GDY electrode
material is regarded as an emerging “star” carbonaceous material
in lithium-ion battery anodes, hydrogen evolution reaction (HER),
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and oxygen reduction reaction (ORR) due to its unique 2-
dimension (2D) molecular configuration of sp and sp? carbon
[15,16]. Inspired by the surface carbon hybridization configuration
of BDD, it is anticipated that GDY is another alternative EAOP anode
for producing abundant hydroxyl radicals. Therefore, the theoreti-
cal predictive work to evaluate GDY as a desired EAOP anode is
highly appreciated.

Herein, it is for the first time to build the correlation of OER with
‘OH generation based on first-principle calculations by taking GDY
as a model catalyst. The electrocatalytic behavior of “nonactive”
(GDY) anode towards the OER and enhanced activity towards "OH
generation were investigated through density functional theory
(DFT) method. All the results indicated the GDY is an ideal
“nonactive” anode, which can produce aqueous ‘OH (“free”
hydroxyl radicals) rather than surface-bound "OH to construct
an efficient EAOP for pollutant removal.

In this work, all calculations were performed using the Vienna
ab initio simulation package (VASP) code [16]. Projector augment-
ed wave (PAW) was used to describe the interactions of the core
electrons [17], in which the exchange-correlation interactions
were described by the generalized gradient approximation (GGA)
in the form of the Perdew-Burke-Ernzerhof (PBE) functional [18].
The cut-off energy was set as 500eV, and the convergence
tolerance for residual force and energy on each atom during
structure relaxation were 0.01 eV/A and 10~° eV, respectively. The
van der Waals interaction was taken into account using the semi-
empirical dispersion-corrected DFT-D2 scheme proposed by
Grimme [19]. The vacuum space was 15 A to avoid the interaction
of periodic images. The Brillouin zone was sampled with
Monkhorst-Pack 5 x 5 x 1 k-points. Ab initio molecular dynamics
(AIMD) simulations were also taken into consideration to check the
dynamical stability of GDY, and the algorithm of the Nose
thermostat was used to simulate a canonical ensemble [20].

As reported [21], at acidic condition, the OER mechanism
follows four-stage pathway that can be summarized as follows
(Eqs. 4-7):

H,O (1) +* > HO* + H" + e~ (4)

HO* »0* + H' + e~ (5)

0* + H,0 (1) -» HOO* + H' + e~ (6)

HOO* — *+ 0, (g) + H" + e~ 7)

where (1) and (g) refer to the liquid and gas phase, respectively. * is
the adsorptive site on the GDY, and O*, HO* and HOO™ are adsorbed
intermediates, and more importantly, the HO* is not hydroxyl
radical ("OH).

For each step [22], AG can be defined by the following Eq. 8 [23].

AG = AE + AZPE - TAS + AGy + AGpy (8)

The adsorption free energy (E.qs) of adsorbates is defined by
Eq. 9 [23].

(9)

The overpotentials of the OER (n°ER) for GDY can be obtained by
Eq. 10 [22,23].

n°ER = max{AG,, AGp, AG., AGq}/e —1.23

Eads = EGDY+adsorbate - EGDY - Eadsorbate

(10)

where AG,, AGy,, AG., AGq is Gibbs free energy of reactions in Egs.
4-7.
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Fig.1. (a) The top view of the optimized structure of pure graphdiyne (GDY). (b) The
density of states (DOS) for the pure GDY. The Fermi level is set at zero with the black
line.

Fig. 1 shows the optimized configuration of the pure 2 x 2 x 1
GDY supercell and density of state (DOS). GDY exhibits a planar
sheet-like configuration with the formation of 6C-hexagon and
18C-hexagon. The bond length of C—C in 6C-hexagon is 1.43 A, and
the bond length of C—C and C=C in the diacetylenic links of the
18C-hexagon is 1.39 and 1.23 A, respectively [24]. The calculated
band gap of pure GDY is 0.38 eV, agreeing well with previous
theoretical results [25]. This indicates that the GDY possess a
comparable electric conductivity than that commonly used EAOP
anodes such as p-PbO, and SnO,. As prior mentioned, the
overpotential of OER is a pivotal descriptor to describe the EAOP
activity of an anode catalyst [21], thus we calculated the reaction
free energy of the adsorbed species HO*, O*, and HOO* adsorbed on
GDY.

Fig. 2 exhibits the calculated free energy diagram for pure GDY.
It can be seen that the HO* formation step is the rate-limiting step
with the high energy barrier of 3.18 eV. This implies that the
overpotential for the OER (°FR), occurring on the pure GDY, is
1.95V. This overpotential parameter is comparable with BDD
anode (~1.6 V) [4]. The high overpotential of GDY anode indicates
that OER is not favorable during the EAOP process, therefore GDY is
beneficial to produce "OH for organic oxidation reaction. Besides,
the water oxidation reaction on anode is mediated by the four
electrons processes. For OER process, the 1e~ intermediate is HO*,
2e” intermediate is O%, and 4e~ product is O,. For EAOP process,
‘OH is the 1e~ product, H,0, is the 2e~ product and O, is the
ultimate product. In this context, the first step in OER is crucial for
hydroxyl radical generation, ie., the 1le~ intermediate HO*
production reaction of OER is the competitive reaction for 'OH
production of EAOP. Based on Ngrskov’s study, the thermodynamic
equilibrium potential of hydrated hydroxyl radicals (1 ppm ‘OH
with room temperature, 298 K) is 2.4eV [21]. In this current
research, the calculated thermodynamic potential of HO* on GDY
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Fig. 2. The free energy diagram for the OER at zero potential over pure GDY. The red
line is the rate-determining step for OER.
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anode is 3.18 eV, which is 0.78 eV larger than that of ‘OH. This
indicates that the water oxidation of "OH is thermodynamically
favorable on GDY anode, whereas the oxidation of water will be
more inclined to produce ‘OH rather than O,. On the other hand,
BDD anode is well-known contains loosely adsorbed ‘OH [26],
resulting in higher decomposition of the organic compounds. As
shown in Table S1 (Supporting information), the adsorption free
energy of HO* on GDY is 2.85 eV, which indicates that the HO* is
adsorption unfavorable process. Thus once HO* is formed, it is
equally favorable to desorb and form free "OH (aq). Besides, as a
widely used EAOP anode, the water oxidation pathway on boron-
doped diamond anode was also investigated. As shown in Table S2
(Supporting information), the calculated thermodynamic potential
of HO* on commercial BDD anode is 2.82 eV, thus the BDD anode
owns a theoretical OER overpotential of 1.59V. Furthermore, in
order to give a more clear demonstration, the linear sweep
voltammetry (LSV) polarization curve also recorded. As shown in
Fig. S1 (Supporting information), in 0.05 mol/L H,SO,4 solution, the
BDD anode exhibit poor oxygen evolution performance. The n°%R is
1.6V at the current density of 10 mA/cm?, which in line with well
with the obtained result of DFT calculation (1.59V). As a
comparison, the thermodynamic potential of HO* on GDY anode
is 3.18 eV, a value of 0.36 V higher than that of BDD, this evidently
demonstrates that the GDY anode is a typical “nonactive” anode
which can produce quantity of “free” for decomposing organic
pollutants in bulk or liquid/anode interface effectively.

To understand the water discharge on GDY anode systemically,
the overall OER process on GDY was investigated. The OER involves
three conversion steps, from the adsorbed HO* to O*, and then
transforming to HOO", as shown in Fig. S2 (Supporting informa-
tion). As discussed above, the adsorption of HO* with GDY is not
thermodynamic feasible, so it is adverse for the generation of O*
and HOO". Therefore, the water oxidation reaction path on GDY
anode is favorable for producing ‘OH rather than O,. To gain deeper
insight into activity towards high OEP of GDY, the Bader charge,
charge density difference and partial density of states (PDOS) of
oxygen-containing intermediates adsorbed on the pure GDY are
systematically analyzed. By analyzing the calculated Bader charge,
the adsorbed oxygen-containing intermediates (HO*, O* and
HOO*) on pure GDY are all negatively charged by 0.28, 0.79, and
0.14 e, respectively, indicating that the charge transfer from pure
GDY to intermediates. As exhibited by the charge density
difference (Fig. 3), it can be seen that the accumulation regions
are mainly around the adsorbed oxygenated species.

The above results can be further explicated by the PDOS
analyses. The PDOS curves are illustrated in Fig. S3 (Supporting
information). A hybridizations between the C-p states and O-p
states were observed. Moreover, the hybridization between O-p
states and C-p of O* adsorbed pure GDY is larger than that of HO*
and HOO* on pure GDY, resulting in the stronger interaction
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Fig. 3. The charge density difference of (a) HO* adsorbed on the pure GDY, (b) O*
adsorbed on the pure GDY, and (c) HOO* adsorbed on the pure GDY. The brown, red
and white balls stand for carbon, oxygen and hydrogen atoms, respectively. The
yellow areas mean that the accumulation of electrons and the blue region exhibits
the depletion of electrons (isovalue of 0.002 e/A3).
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Fig. 4. Total energy and temperature evolutions of the GDY as function of time for
AIMD are plotted, and insert the snapshot of the GDY structure at the end of MD
simulation.

strength than that of other two species on pure GDY This
observation is in agreement with the above results of Bader
charge and charge density difference analysis.

The anode stability is an important parameter responsible for
the anode service lifetime towards the application of EAOP
technology. In order to investigate the stability of GDY anode,
the AIMD simulations were carried out to examine its dynamical
stability under 300K for 10 ps with a time step of 2 fs. The GDY
monolayer undergoes a minimum change, but neither significant
chemical bond rupture nor remarkable structural reconstruction
were observed at the end of the MD simulations as shown in Fig. 4.
The energies and temperatures oscillate near the equilibrium state,
indicating the good thermodynamic stability of the GDY, and
possible long service lifetime in practical application.

The control of the electrocatalysis of the H,O oxidation is
prerequisite since depending on the properties of the catalysts, it
can enhance and retain ‘OH yield (“nonactive” anode for OER), or
continuing to evolve O, (“active” anode for OER). In this study, GDY
anode was found a large OER overpotential (n°%®=1.95V) and a
weak sorptive ability towards oxygen evolution intermediates
(HO*). The free energy of adsorbed HO* was taken as a descriptor to
evaluate 'OH and O, yield in thermodynamic viewpoint for GDY
catalyst. The high Gibbs energy change of HO* (3.18 eV) on GDY
anode makes the selective production of 'OH (AG=2.4¢eV) is
thermodynamically favorable. Besides, the Ab initio molecular
dynamics (AIMD) simulation indicate the GDY anode is with good
thermodynamic stability, which meets the requirement of
engineering stability. Overall, our research proposes GDY can be
regarded as an alternative “nonactive” anode for effective
degradation refractory organic compounds in electrochemical
oxidation (EO) process, and DFT may be a general approach which
will be widely employed in environmental electrochemistry.
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