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Abstract: Increasing environmental problems and the energy crisis have led to interest in the de-
velopment of alternative energy. One of the most promising sustainable alternatives to fossil fuel
is biodiesel which is typically produced from the transesterification of refined vegetable oils us-
ing a homogeneous base catalyst. However, the current process limitations and steep production
costs associated with the use of homogeneous catalysts have limited the global-wide acceptance of
biodiesel. Heterogeneous catalysts have been considered suitable alternatives, but they still suffer
from low catalytic activity. In this study, by using density functional theory (DFT) calculations,
we examined the electronic and catalytic activity of the single Na-doped graphitic carbon nitrides
(indicated by Na-doped g-C3N4) toward the efficient biodiesel (acetic acid methyl ester) production
via the transesterification of triglyceride (triacetin). Our DFT calculation on reaction energetics and
barriers revealed the enhancement of biodiesel productivity in the Na-doped catalyst compared to
the pristine g-C3N4 catalyst. This was related to the large reduction of the barrier in the rate-limiting
step. In addition, we investigated the acidity/basicity and electron distribution and density of state
for the Na-doped and pristine g-C3N4 catalysts to better understand the role of the Na atom in
determining the transesterification reaction. This study highlights the importance of the dopant in
a g-C3N4 catalyst in determining the transesterification reaction, which may open new routes to
improve biodiesel production.

Keywords: biodiesel; graphitic carbon nitrides; transesterification; heterogenous catalysts;
methanol dissociation

1. Introduction

Increasing environmental problems and the energy crisis have led to the interest in
the development of alternative energy. Biodiesel (derived from the transesterification
reaction of triglycerides (bio-oil) with methanol on base catalyst) [1,2] is a promising
alternative energy to replace fossil-based diesel fuel since it has many advantages such as
renewability, nontoxicity, and low pollution emissions [3,4]. In industry, sodium hydroxide,
potassium hydroxide, carbonates, or sodium methoxide are used as homogeneous base
catalysts to produce biodiesel [5–8]. Although these catalysts show high efficiency and
are inexpensive, they are limitedly applied to the biodiesel production process. Note that
it is very difficult to separate and recover homogenous catalysts from biodiesel product,
leading to a high process cost [4]. To solve these problems, heterogeneous catalysts for
the transesterification reaction of bio-oil have been proposed, such as MgO/MgAl2O4,
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CaO/SnO2, KOH/ZSM5, Sr/MgO, KOH/NaX, and Fe2O3/CaO, which have displayed
high activity toward the transesterification of triglycerides [9–17]. However, the leaching of
some components of catalysts under excess methanol has been observed, leading to the
reduction of catalytic efficiency. In recent years, magnetic nanoparticles such as Fe3O4-AP-
EN [18], MgFe2O4/CaO [19], and Fe3O4/SiO2 [20] have emerged as catalysts for biodiesel
production. Note that magnetic nanoparticles are easily recovered by magnetic support.
However, these catalysts have drawbacks such as the growth of nanoparticles and a
decrease in dispersibility in nanoparticles due to the loss of single domain by magnetic
dipole attraction [21]. Thus, it is imperative to develop more efficient and sustainable
catalysts for the commercialization of biodiesel production processes from waste oil.

Very recently, graphitic carbon nitrides (indicated by g-C3N4) were widely used as
catalytic materials due to the low synthesis cost, and high stability [22–24], which have been
applied to the hydrogen production [25–27], CO2 reduction [28–31], and photocatalysts [32].
However, the g-C3N4 materials suffer from low catalytic activity. The doping of alkali
metals into g-C3N4 has been accepted as one of methods to boost the reactivity [23,33].

This work aims to predict the electronic and catalytic activity of a single Na-doped
g-C3N4 surface as a heterogeneous catalyst and to understand the mechanisms of biodiesel
production with triacetin and methanol via the transesterification on g-C3N4 catalysts using
spin-polarized density functional theory (DFT) calculations. This may open new routes to
improve biodiesel production.

2. Computational Methods

In this work, all the first-principle calculations were performed based on the Kohn–
Sham density functional theory (KS-DFT) as implemented in the Vienna Ab initio Simu-
lation Package (VASP) [34,35]. The plane-wave basis sets with a kinetic energy cutoff of
400 eV were used to expand the valence electron wave functions [36]. The generalized
gradient approximation within the Perdew–Burke–Ernzerhof (PBE) functional form was
used as the exchange-correlation energy [37]. For all structural relaxations, the convergence
criterion for the energy in electronic SCF iterations and the Hellmann–Feynman forces in
ionic step iterations was set at 1.0 × 10−5 eV and −0.05 eV Å−1. To reduce the interaction
between neighboring layers, a large vacuum space of 15 Å was introduced along the z-axis.
The Monkhorst–Pack special k-point mesh of 1 × 1 × 1 was used to sample the first irre-
ducible Brillouin zone. Furthermore, we analyzed the electronic structure properties that
may give insight into the catalytic process of the reaction trajectories. In this regard, we
predicted the energetic stability of the reactants and products by computing the adsorption
energies (Ead) in accordance with the equation

Ead = Eabsorbent/substrate − Eabsorbent − Esubstrate (1)

where Eabsorbent/substrate stands for the total energy of the organic moieties adsorbed onto
the g-C3N4 substrate. Eabsorbent is the total energy of the organic moieties during the
different reaction steps, and Esubstrate corresponds to the total energy of the Na-doped
g-C3N4 substrate, both inside the same unit cell. The reaction trajectories were computed
using the string method [38,39] and the climbing images method [40] with a 0.05 eV of
energy as a threshold force for both. For the barrier energy convergence criteria, we used
six images from the reactants to the products. Charge transfer between the dopant and
g-C3N4 substrate was also studied in accordance with the Bader charge analysis [41,42]. As
is well known, the methodology is highly sensitive to the basis set used. Consequently, we
were interested in providing qualitative trends into the electronic structure behavior of the
organic moieties adsorbed on the doped g-C3N4 substrate. We also mapped the isosurfaces
of the total charge density difference (defined as ρdiff (r)) for the doped g-C3N4 catalysts. In
this respect, ρdiff (r) was plotted in the molecular viewer VESTA [43] according to

ρdiff (r) = ρdopant/substrate (r) − ρdopant (r) - ρsubstrate (r) (2)
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where ρdopant/substrate (r) refers to the charge density of the doped g-C3N4 system, ρdopant
(r) is the charge density of the isolated dopant and ρsubstrate (r) corresponds to the charge
density of pristine g-C3N4 surface.

3. Results
3.1. Property of Na-Doped g-C3N4 Catalyst

A 3 × 3 supercell of g-C3N4 was used to design our model structure of Na-doped
g-C3N4 consisting of 54 carbon atoms, 72 Nitrogen atoms, and 1 Sodium atom [44–46].
The optimized structure for Na-doped g-C3N4 is shown in Figure 1 above, with a lattice
parameter of 21.42 Å. The C-N near the Na atom has a bond length of 1.33 Å, while the
rest have a bond length of 1.4 Å. This agrees with previous theoretical results [47]. As for
the Na-doped g-C3N4 model, the substitution model, namely replacing nonmetal C and N
atoms by Na-atom, was not considered because nonmetal and metal are essentially different.
The Na atom was placed at the triangular-like vacant site since it has adequate space to
accommodate Na atoms with a relatively larger radius. The binding energy (referred to
as Eb) of Na-doped g-C3N4, which was calculated by E (total energy of metal and C3N4
slab)–E (energy of C3N4 slab)–E (energy of a single Na atom) and was calculated to be
−3.25 eV, indicating that it is thermodynamically stable.
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Figure 1. Optimized structure of Na-doped g-C3N4 catalyst. Blue, brown, and yellow balls indicate
carbon, nitrogen, and sodium, respectively.

We performed the total density of state (DOS) calculation for the Na-doped and
pristine C3N4 catalysts (see Figure 2) to gain more insight into the effect of Na dopant
on the electronic structure of pristine C3N4. There was a slight change in the calculated
bandgap (Eg) of pristine and Na-doped g-C3N4, with pristine having a GG-PBE functional
calculated Eg of 0.655 eV, which is consistent with the reported value in [47]. In comparison,
the Eg calculated by GGA-PBE functional for Na-doped was 0.545 eV. The reduction in the
bandgap was consistent with Ma et al. report on bandgap reduction from 2.70 eV to 2.10 eV
when g-C3N4 is doped with a sulfur atom [47]. This suggests that the Na-atom enhances
the electronic property of the pristine g-C3N4, which may result in the improved catalytic
activity of the Na-doped g-C3N4. In addition, as shown in Figure 2, the Femi level energy
of the Na-doped g-C3N4 catalyst was located at the edge of the conduction band and the
DOS at the Fermi level was increased. In contrast, in the pristine g-C3N4, the Femi level
was at the edge of the valence band and the DOS at the Fermi level was almost zero; this
further indicates that the Na-atom enhanced the electronic property of the g-C3N4.
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Figure 2. Electronic structure per atom for (a) pristine g-C3N4; (b) Na-doped g-C3N4.

To understand the charge transfer mechanism between the dopant (Na) and the g-
C3N4, we performed the charge difference analysis as suggested by Equation (2). Such
an equation was considered to plot the isosurfaces of the density difference. The yellow
regions correspond to zones where the electronic charge was depleted, while the light
blue region corresponds to zones where electronic charges were transferred. The ρdiff (r)
isosurface for the Na-doped g-C3N4 is shown in Figure 3. We find the charge loss of the Na
and C (nearby Na) atom site and the charge gain of the N site. This indicates that the Na
and C atom act as the active Lewis base site, while the N atom acts as the active Lewis acid
site for Na-doped g-C3N4 because Na and C are an electron donor while N is an electron
acceptor. In the case of pristine g-C3N4, we consider C and N sites as the active base and
acid sites, respectively. For the Na-doped C3N4 catalyst, the geometric structure of Na-C
and Na-N are considered as the adsorption site for our organic motifs. Furthermore, to
evaluate the electron density rearrangement upon doping, we conducted a Bader charge
analysis of pristine and Na-doped g-C3N4 systems. The change in effective atomic charges
are shown in Table 1. The negative and positive values indicate the number of electrons
gained or lost by each element in the system. We see that the N-atom gained electrons from
the C and dopant atoms. By Bader charge analysis, we find that the C and N (nearby Na)
sites of Na-doped g-C3N4 were more changed than the C and N sites of pristine g-C3N4
due to Na doping. Plus, the C site of Na-doped g-C3N4 lost more electrons than the Na site.
This means that the C site was more active as the Lewis base site compared to the Na site.
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Table 1. Bader atomic charge change (indicated by ∆Q) of Na-doped g-C3N4 and pristine g-C3N4

with respect to the isolated atoms (each of ZVAL, N = 5, C = 4, Na = 1). It shows the C and each dopant
loses some valence charge to the N atom, C and N are the local Bader charge near the Na atom.

Catalyst C/∆Q (e) N/∆Q (e) Dopant/∆Q (e)

Pristine 1.511 −1.127 N/A
Na-doped 1.532 −1.186 0.828

To better understand the catalytic activity of g-C3N4-based catalyst, we developed
a method for predicting the acidity and basicity of our Na-doped g-C3N4 catalyst by
calculating the CO2 and NH3 adsorption energies on the Na-doped g-C3N4 and pristine
g-C3N4 catalysts (See Table 2). Here, the CO2 adsorption energy indicates the degree
of Lewis basicity (electron donor), while the NH3 adsorption energy displays the Lewis
acidity (electron acceptor). Our DFT calculation shows that the adsorption energies of
CO2 and NH3 are −4.95 and −5.27 eV for Na-doped g-C3N4 and −5.12 and −5.23 eV for
pristine g-C3N4, respectively (Note the strong adsorption of both molecules on the surface
of catalysts as shown in Figure 4), implying that the Na site has a slightly higher Lewis
acidity in the Na-doped g-C3N4 case than the pristine case, while for the Lewis basicity
the opposite is true. This is related to the positive characteristics of the Na atom induced
by the electronic charge loss of the Na atom to neighboring N atoms as mentioned in the
previous section.

Table 2. Adsorption energies (Ead) of carbon dioxide and ammonia with pristine g-C3N4 and Na-
doped g-C3N4.Unit is given in eV.

Catalyst Ead [CO2] Ead [NH3]

Pristine −5.12 −5.23
Na-doped −4.95 −5.27
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3.2. Transesterification Mechanism of Triacetin on Catalysts

We examined the transesterification reaction of triacetin on the surface of Na-doped g-C3N4
and pristine g-C3N4 catalysts [48,49]. Here, we chose a triacetin molecule [C3H5(OCOCH3)3]
for representing a triglyceride (bio-oil) [Figure 5a]. As shown in Figure 6, the first step for
the transesterification reaction is the methanol (CH3OH) adsorption on the catalyst surface
[(1) CH3OH (g)→ CH3OH*], which decomposes into the methoxy (CH3O*) and H* by
C—H bond dissociation [(2) CH3OH*→ CH3O* + H*]. Then, triacetin (indicated by TA) is
adsorbed on the catalyst [(3) C3H5(OCOCH3)3→ C3H5(OCOCH3)3*] and then is reacted by
adsorbed CH3O*, yielding the C3H5(OCOCH3)OCH3* compound (referred as TA-OCH3)
[(4) CH3O* + C3H5(OCOCH3)3*→ C3H5(OCOCH3)3OCH3*]. Note that the O moiety of
CH3O is inserted into the C atom of the C=O group in C3H5(OCOCH3)3. Next, the biodiesel
CH3COOCH3* [acetic acid methyl ester(denoted as AAME)] is produced by the C—O
bond scission of C3H5(OCOCH3)3OCH3* [(5) C3H5(OCOCH3)3OCH3*→ CH3COOCH3* +
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C3H5(OCOCH3)2O*] and is desorbed off [(6) CH3COOCH3*→ CH3COOCH3* (g)]. Finally,
C3H5(OCOCH3)2O* (displayed as DAO) undergoes the hydrogenation reaction, leading to
diacetin [C3H5(OCOCH3)2OH*] (indicated by DAOH) [(7) C3H5(OCOCH3)2O* + H*→
C3H5(OCOCH3)2OH*].
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white, and red balls indicate carbon, hydrogen, and oxygen atoms, respectively.
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3.3. CH3OH Dissociation Reaction on Na-Doped g-C3N4 and Pristine g-C3N4

The reactivity of Na-doped g-C3N4 and pristine g-C3N4 catalyst toward the first stage
of transesterification of triacetin (CH3O and H formation via CH3OH decomposition) can be
the key reaction to produce biodiesel (acetic acid methyl ester, AAME) since the activity of
formed CH3O and H species on the catalyst surface play an important role in determining
the subsequent reaction energetics and kinetics. Table 3 shows the adsorption energy (Ead)
of CH3OH, CH3O, H and the reaction energy (Er) for the (1) CH3OH* → CH3O* + H*
step. We see the strong affinity of CH3OH on both Na-doped g-C3N4 (Ead = −5.23 eV) and
pristine g-C3N4 (Ead = −5.30 eV) catalysts. Next, our DFT calculation predicts that the
reaction energy of Na-doped g-C3N4 (Er = −4.29 eV) is more exothermic than the pristine
g-C3N4 case (Er = −2.95 eV), suggesting that the CH3OH decomposition can occur more
favorably in the Na-doped catalyst. This is related to the increase in adsorption strength
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in CH3O by 1.41 eV on the Na-doped g-C3N4 catalyst compared to the pristine g-C3N4
case. Here, the CH3O adsorbs through its oxygen bonding with the dopant Na atom. Note
that the O–Na bond distance in CH3O adsorption is 1.50 Å and atomic H is bound to the
N-atom where the N–H distances for Na system is 1.06 Å.

Table 3. Calculated adsorption energy (Ead) of CH3OH, CH3O, H and reaction energy (Er) of CH3OH
dissociation reaction on Na-doped g-C3N4 and pristine g-C3N4. Unit is given in eV.

Catalyst CH3OH CH3O H Er

Pristine −5.08 −5.24 −7.63 −3.17
Na −5.23 −6.65 −7.50 −4.29

Figures 7 and 8 show the potential energy diagram (PED) and molecular configurations
of the reactant, transition state (indicated by TS), and product for the CH3OH*→ CH3O*
+ H* reaction on the surface of pristine g-C3N4 and Na-doped g-C3N4 catalysts. Figure 8
shows the structure of the initial, transition, and final state of the CH3OH→ CH3O + H
reaction on catalysts. Here, the climbing image nudged elastic band (CI-NEB) method
(which can determine the minimum energy path) is used to find the transition state and, in
turn, the reaction barrier (denoted as Ebarr). Our DFT calculation shows that the activation
energy of the Na-doped g-C3N4 [Ebarr = 1.53 eV] for the CH3OH→ CH3O + H reaction
is reduced compared to the pristine g-C3N4 system [Ebarr = 1.69 eV]. This implies that the
CH3O—H bond scission occurs faster in the Na-doped g-C3N4 and, in turn, the yield of
biodiesel production may be increased through the transesterification process.
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Figure 8. Structure of initial, transition, final state for CH3OH → CH3O* + H* on (a–c) pristine
g-C3N4 and (d–f) Na-doped g-C3N4. Blue, brown, yellow, white, and red balls indicate nitrogen,
carbon, sodium, hydrogen, and oxygen, respectively.

3.4. Biodiesel Production via Transesterification of Triacetin and Methoxy on Na-doped g-C3N4 and
Pristine g-C3N4

Figures 9–11 show the potential energy diagram and intermediate structure for the
transesterification of triacetin with CH3O* on catalyst surfaces. The reaction energy and
barrier of each reaction is also shown in Table 4. First, the triacetin (TA) adsorption energy
[(3) C3H5(OCOCH3)3 → C3H5(OCOCH3)3*] on the Na-doped g-C3N4 and pristine g-C3N4
surfaces is calculated to be −5.39 and −5.30 eV, respectively. Second, looking at the (4)
CH3O* + C3H5(OCOCH3)3*→ C3H5(OCOCH3)3OCH3* reaction, the barrier for the Na-
doped case is 0.94 eV, which is substantially higher than the pristine case [Ebarr = 0.41 eV].
This is related to the large increase in stability (more exothermic proximity energy) in the
co-adsorbed CH3O* and C3H5(OCOCH3)3* state for the Na-doped catalyst. Note that the
proximity energy (which is defined as the energy required for the co-adsorbed state from
the complete separation of CH3O* and C3H5(OCOCH3)3*) for Na-doped case is highly
exothermic by 1.56 eV compared to the pristine case. Next, for the production of AAME and
DAO from TA-OCH3 via the (5) C3H5(OCOCH3)3OCH3* (TA-OCH3)→ CH3COOCH3*
(AAME) + C3H5(OCOCH3)2O* (DAO) reaction, the barrier in the Na-doped catalyst is
predicted to be 0.43 eV, while for the pristine case, the reaction is the non-activated process
(barrier-less reaction). Then, the biodiesel (AAME) is desorbed off the catalyst with the
endothermic energy change of 0.19 (pristine) and 0.29 eV (Na-doped). Taking a look at the
formation of diacetin (DAOH) by the hydrogenation via the (7) C3H5(OCOCH3)2O* + H*
→ C3H5(OCOCH3)2OH* reaction, the activation barrier for Na-doped catalyst is reduced
by 0.20 eV compared to the pristine case.
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Figure 9. Potential energy diagram for the transesterification of tri-acetin with CH3OH on catalyst
surfaces on the Na-doped and pristine g-C3N4 catalyst. Here, the TS, TA, AAME, DAOH, DAO, and TA-
OCH3 indicate the transition state, triacetin [C3H5(OCOCH3)3], acetic acid methyl ester [CH3COOCH3],
diacetin [C3H5(OCOCH3)2OH], C3H5(OCOCH3)2O, and C3H5(OCOCH3)OCH3, respectively.

Energies 2022, 15, x FOR PEER REVIEW 10 of 13 
 

 

(7) C3H5(OCOCH3)2O* + H* → C3H5(OCOCH3)2OH* 0.09 
(1.65) 

−0.43 
(1.45) 

 

    

(a) (b) (c) (d) 
    

    
(e) (f) (g) (h) 

    

 

  

 

 (i) (j)  

Figure 10. The structure of (a) TA*, (b) TA* + CH3O*, (c) TS2, (d) TA-CH3O*, (e) TS3, (f) AAME* + 
DAO*, (g) DAO*, (h) DAO* + H*, (i) TS4, and (j) DAOH* on Na-doped g-C3N4, respectively. Blue, 
brown, yellow, white, and red balls indicate nitrogen, carbon, sodium, hydrogen, and oxygen, re-
spectively. 

    
(a) (b) I (d) 

    

    
(e) (f) (g) (h) 

Figure 10. The structure of (a) TA*, (b) TA* + CH3O*, (c) TS2, (d) TA-CH3O*, (e) TS3, (f) AAME* + DAO*,
(g) DAO*, (h) DAO* + H*, (i) TS4, and (j) DAOH* on Na-doped g-C3N4, respectively. Blue, brown,
yellow, white, and red balls indicate nitrogen, carbon, sodium, hydrogen, and oxygen, respectively.
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Figure 11. The structure of (a) TA*, (b) TA* + CH3O*, (c) TS2, (d) TA-CH3O*, (e) TS3, (f) AAME* +
DAO*, (g) DAO*, (h) DAO* + H*, (i) TS4, (j) DAOH* on pristine g-C3N4, respectively. Blue, brown,
yellow, white, and red balls indicate nitrogen, carbon, sodium, hydrogen, and oxygen, respectively.

Table 4. Calculated reaction energy (Er) of each step in the transesterification of triacetin with
CH3OH. Barrier (Ebarr) is also shown in parenthesis. Symbol (−)* means the non-activated process
(barrier-less). Unit is given in eV.

Reaction Steps Pristine Na-Doped

(1) CH3OH (g)→ CH3OH* −5.30
(−)*

−5.23
(−)*

(2) CH3OH*→ CH3O* + H* −3.17
(1.69)

−4.29
(1.53)

(3) C3H5(OCOCH3)3 (g)→ C3H5(OCOCH3)3* −5.30
(−)*

−5.39
(−)*

(4) CH3O* + C3H5(OCOCH3)3*→
C3H5(OCOCH3)3OCH3*

0.41
(0.41)

−0.47
(0.94)

(5) C3H5(OCOCH3)3OCH3*→ CH3COOCH3* +
C3H5(OCOCH3)2O*

−5.26
(−)*

−5.21
(0.43)

(6) CH3COOCH3*→ CH3COOCH3 (g) 0.19
(−)*

0.29
(−)*

(7) C3H5(OCOCH3)2O* + H*→
C3H5(OCOCH3)2OH*

0.09
(1.65)

−0.43
(1.45)

4. Discussion

In the above sections, we showed the kinetics for the biodiesel (AAME) formation by
the reaction of TA (triacetin) with CH3OH on the heterogeneous Na-doped and pristine
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g-C3N4 catalysts. By comparing the barriers in each reaction step, we could identify the
rate-limiting reaction for the AAME production. That is, we saw that the first CH3OH
decomposition step limited the overall reaction in the Na-doped and pristine catalysts.
Note the highest barriers of the (2) CH3OH*→ CH3O* + H* reaction [Ebarr = 1.53 eV (Na),
1.69 eV (pristine)] compared to other steps [Ebarr = 0.94 eV (Na), 0.47 eV (pristine) for the (4)
CH3O* + C3H5(OCOCH3)3*→ C3H5(OCOCH3)3OCH3* step, Ebarr = 0.43 eV (Na), 0.00 eV
(pristine) for the (5) C3H5(OCOCH3)3OCH3*→ CH3COOCH3* + C3H5(OCOCH3)2O* step,
Ebarr = 0.29 eV (Na), 0.18 eV (pristine) for the (7) C3H5(OCOCH3)2O* + H* →
C3H5(OCOCH3)2OH* step]. This indicates a reduced barrier of the Na-doped g-C3N4 by
0.16 eV compared to the pristine case in the rate-limiting reaction and, in turn, the enhance-
ment of the transesterification reaction of triacetin toward biodiesel production (AAME).

5. Conclusions

In this study, we examined the role of a single Na atom in enhancing the biodiesel
(acetic acid methyl ester) production via the transesterification of triacetin in the Na-doped
g-C3N4 catalyst by using the density functional theory (DFT) calculation. First, we investi-
gated the acidic and basic properties of Na-doped and pristine g-C3N4 by calculating the
adsorption energies of NH3/CO2 and electronic structure (such as the charge distribution,
density of state) of the catalyst. We found that the Na site had a slightly higher Lewis
acidity (lower NH3 adsorption energy) than the pristine case, while the Lewis basicity (CO2
adsorption energy) was decreased. This was related to the positive characteristics of the
Na atom induced by the electron loss of the Na and C (nearby Na) atom to neighboring
N atoms. Second, we systematically examined the reaction mechanism of the transesteri-
fication of triacetin toward biodiesel (acetic acid methyl ester) production by calculating
the reaction energy and barrier of each step. Our DFT calculation showed that the CH3OH
dissociation into CH3O and H can limit the whole biodiesel production and the addition
of a single Na atom into the g-C3N4 catalyst substantially reduced the barrier of such
rate-limiting step. This indicates that Na-doped g-C3N4 is more active than pristine g-C3N4
for biodiesel production. This study provides insight into how a single atom dopant modi-
fies the activity of the g-C3N4 catalyst toward the transesterification reaction and, in turn,
biodiesel production.
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