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Abstract

In this work, various precious and non-precious metals reported in the literature as

the most effective catalysts for glucose electrooxidation reaction were investigated

by the density functional theory (DFT) approach in order to reveal the mechanisms

taking place over the catalysts in the fuel cell. The use of a single-atom catalyst model

was adopted by insertion of one Au, Cu, Ni, Pd, Pt, and Zn metal atom on the pyridi-

nic N atoms doped graphene surface (NG). β form of D-glucose in alkaline solution

was used to determine the reaction mechanism and intermediates that formed during

the reaction. DFT results showed that the desired glucono-lactone was formed on

the Cu-3NG electrode in a single-step reaction pathway whereas it was produced via

different two-step pathways on the Au and Pt-3NG electrodes. Although the interac-

tion of glucose with Ni, Pd, and Zn-doped surfaces resulted in the deprotonation of

the molecule, lactone product formation did not occur on these electrode surfaces.

When the calculation results are evaluated in terms of energy content and product

formation, it can be concluded that Cu, Pt, and especially Au doped graphene cata-

lysts are effective for direct glucose oxidation in fuel cells reactor.
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1 | INTRODUCTION

Diminishing of natural energy resources due to high global energy

demand and increasing environmental awareness entails the develop-

ment and use of clean energy sources. Therefore, research efforts

aimed at diversifying clean energy sources, and boosting their effi-

ciency and sustainability have been accelerated. Among various clean

energy sources, fuel cells (FCs), which enable direct conversion of

chemical energy to electrical energy with the most efficient, clean,

and versatile ways, have found many application areas such as in

transport and space projects.1–4 FCs are generally classified according

to the type of fuel and electrolyte materials they utilize.4 Likewise, the

working conditions and desired performances of FCs determine their

usage area. Although one of the most popular FCs is the hydrogen-

fed polymer electrolyte membrane fuel cells (PEMFCs), the difficulties

of the storage and transportation of the H2 gas lead to the search for

different fuel resources as alternatives.5–8 As an alternative to

PEMFCs, the direct liquid fuel cells (DLFCs) provide an opportunity to

use various types of fuels ranging from alcohols, such as methanol,

ethanol, or propanol,9–12 to non-alcohol materials including formic

acid and alkaline formate salts,9,13,14 hydrazine,15–17 glucose,5,6,18–23

and borohydride.24–26 Hence, DLFCs is one of the most promising

candidates for FC application areas with enhanced safety handling of

these liquid fuels.
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Glucose (C6H12O6), one of the main energy sources of all living

organisms and mainly produced via photosynthesis, is the most abun-

dant monosaccharide available in nature. The principle of fast and reli-

able determination of the amount of glucose in the blood, and energy

production directly from glucose are very similar to each other.19 Elec-

trooxidation of glucose is an essential process required both for the

fast and reliable detection of glucose levels in the blood of diabetes

patients via a sensor and for glucose use as a DLFC fuel candidate to

achieve clean and sustainable energy goals.27,28 In addition to these,

the conversion of glucose to other derivatives such as gluconic, car-

boxylic, and glucaric acid via electrocatalytic oxidation reaction has

been also applied to produce valuable chemical compounds for use in

industry.23 Direct electrooxidation of non-toxic, non-flammable, and

non-volatile glucose is performed using enzymatic, microbial, and

non-enzymatic FC techniques. Among these, the non-enzymatic FCs

have been the subject of more research because of the difficulties

encountered in the other two methods that pose major obstacles to

their commercial use and dissemination of direct glucose FCs

(DGFC).29,30

Although several studies were done on the glucose electro-

oxidation reaction (GOR) and the theories have been presented,

the mechanism is still not fully understood. Theoretically, in the

case of complete glucose oxidation, a high energy density can be

achieved along with 24 electrons released which is hard to achieve

in practice.30–33 The products after complete oxidation of glucose

have been identified by chromatographic and spectroscopic

techniques as aliphatic gluconic acid (C6H12O7) and aromatic glucono-

lactone (C6H10O6) which further hydrolyses to gluconic acid

spontaneously.34–36 Two electrons are released in the anode for each

glucose molecule as shown in the following reaction steps33,34:

Anode :C6H12O6þOH� !C6H10O7þH2Oþ2e�

Cathode :0:5O2þH2Oþ2e� !2OH�

Overall reaction :C6H12O6þ0:5O2 !C6H12O7

In order to achieve high performance and complete oxidation,

platinum-based catalysts are widely used in electrooxidation reactions

both in non-enzymatic FC and sensor applications due to their good

activity, electrical properties, and corrosion resistance despite their

high cost.37–39 When the performance of the Pt catalysts was com-

pared in different environments, it was seen that alkaline electrolyte

activates the direct electrooxidation of fuels better than the acidic

and neutral electrolytes. This situation has been attributed to the fas-

ter kinetics of the cathode oxygen reduction reaction (ORR) and the

anode fuel oxidation reaction in alkaline FCs.13,22,29,40,41 It is stated

that the improvement of the kinetics of the reactions taking place at

the anode and cathode (ORR) allows the use of non-precious metal

catalyst instead of Pt or the reduction of Pt amount by alloying. Also,

the performance degradation of the Pt-electrode as a result of the

chemisorption of carbonated intermediates can be avoided in these

ways.42 PtPd and PdPtAu,20 PdxRh/C,
21 Au/Ni foam,22 Fe-Ni-Co/C,30

PtRu/C,31 Pd/C,32 Pd3Cu-B/C,
43 CoxFey/graphitic tube44 can be

named as some of the examples of Pt-alloy and non-precious catalytic

systems for DGFCs.

Another way to mitigate the amount of precious metal is the use

of single-atom catalysts (SAC) supported on carbon or metal-based

support materials that have experimentally proven to be efficient in

various conversion processes such as hydrogen evaluation reaction,

ORR, and many other (electrochemical) oxidation/reduction

reactions.45–52 The major challenge in the SAC system is to maintain

the durability of the catalytic structure while increasing its chemical

activity. Doping of catalysts, especially on carbon-based materials,

with additive atoms like nitrogen or boron, is suggested as a solution

to stabilize the loaded metal by increasing its bonding energy with the

surface.53–59 Cheng et al. experimentally demonstrated that Pt metal

can be loaded on nitrogen-doped graphene (3NG) surface in desired

sizes ranging from a single atom to a small cluster without agglomera-

tion by regulating the metal deposition cycle with the atomic layer

deposition method.46 Among various configurations, pyridinic incor-

poration of nitrogen into graphene is reported as the most active type

for the ORR reaction in electro-catalytic applications.60,61 Also, we

reported theoretically and experimentally that N-doping into the gra-

phene improves the catalytic performance of the Pd-electrode for glu-

cose electrooxidation in an alkaline medium in the previous work.6

In the light of this knowledge, the interactions of the glucose mol-

ecule with single metal atoms that are used widely in GORs, including

precious (Au, Pt, Pd) and non-precious (Ni, Cu, and Zn) atoms,

anchored on pyridinic-nitrogen decorated graphene substrates (3NG)

were studied in water medium as a solvent via density functional the-

ory (DFT) calculations in this work. The main purpose of the study is

to determine the most active metal for the oxidation of glucose and

investigate the mechanism through the intermediates that formed

during the reaction.

2 | COMPUTATIONAL METHODS

The same surface model and computational strategy explained in our

previous work6 were also employed for the calculations reported in

this study. All DFT calculations reported in this work were carried out

utilizing the B3LYP62–64 method provided in Gaussian 0965 software.

Parallel to our previous work, LANL2DZ effective core pseudo-

potentials were utilized for transition metal atoms (Pd, Pt, Au, Cu, Ni,

Zn) whereas 6-31G (d,p) basis set was employed for non-metal atoms

(C, H, N). The convergence criteria involving gradients were reported

as 0.000450 hartree/bohr for maximum force, 0.000300 hartree/

radian for root-mean-square (rms) force, 0.001800 bohr for maximum

displacement, and 0.001200 radian for rms displacement in Gaussian

software. In addition to previous settings, all calculations considered

here were performed under forcefields simulating a solvent environ-

ment. In order to perform the calculation in the presence of a solvent,

settings for the predefined properties for water as solvent was used.

The vibrational frequency analysis was also carried out to ensure the

stability of the studied geometries and to find the vibrational

1794 DÜZENLI ET AL.



frequencies of the system. The scaling factor was taken as 0.96 for

the B3LYP method to reproduce experimental fundamentals recom-

mended in the literature.66

The binding energies of the glucose (C6H12O6), water (H2O), and

hydroxyl (OH) species on the nitrogen-decorated single metal-doped

graphene (M-3NG) (M = Au, Pt, Pd, Ni, Cu, and Zn) surface were cal-

culated by using Equation (1) for the zero-point corrected energy

values.

ΔEB ¼ EM�3NGþadsorbate� EM�3NGþEadsorbateð Þ ð1Þ

here, EM�3NGþadsorbate was the energy of the catalyst with adsorbed

species. EGlucose, EOH, Eadsorbate were the energies of single species, and

EM�3NG was the energy of the clean M-3NG surface. In these calcula-

tions, all energies were calculated under solvent (water) conditions.

In addition to the energetic calculations, a full population

analysis was also performed to obtain the localization of the highest

occupied molecular orbital (HOMO) and the lowest unoccupied

molecular orbital (LUMO) over the catalytic systems considered.

Equations (2-6) were used to process population data to get chemical

hardness, chemical potential, electronegativity, electrophilicity, and

HOMO-LUMO gap of the M-3NG systems before and after interact-

ing with the hydroxyl and glucose species.

Chemical hardness ηð Þ¼ I�A
2

ð2Þ

Chemical potential μð Þ¼� IþA
2

ð3Þ

Electronegativity λð Þ¼�μ ð4Þ

Electrophilicity ωð Þ¼ μ2

2η
ð5Þ

Egap ¼EHOMO�ELUMO ð6Þ

here, I is equal to the minus value of HOMO energy and A is the

minus value of LUMO energy.67,68

3 | RESULTS AND DISCUSSION

In our study, a single metal atom catalyst anchored on the nitrogen

decorated graphene system (M-3NG) was used to examine the elec-

trooxidation reaction tendency of a glucose molecule with various

metal-doped surfaces. Also, the first and second steps of the oxidation

reaction mechanism were investigated by DFT approach. The first

step is C H or C O H bond activation of the glucose. It is accepted

as the rate-determining step for many hydrocarbon oxidation

reactions,69 and the second step is considered to be the oxidation of

the activated glucose as stated in the literature.33,35,70,71 The open

form of glucose structure was used to reveal the oxidation mechanism

of the C6H12O6 with the supported/unsupported Au clusters in the

theoretical studies.70,71 In the mechanism proposed by Ishimoto et al.,

an aliphatic glucose was first attached to the OH species adsorbed on

the surface, then water was formed by detaching the H from the

CHO group by the OH species in solution, and finally, gluconic acid

(C6H12O7) was formed by the transfer of the surface OH-species to

the deprotonated oxygen.71 Gluconic acid has been reported as the

product of GOR at the anode by releasing two electrons in the

FC.22,34 Here, we used the cyclic form of D-glucose, which is defined

as a thermodynamically stable structure.35,36,72 Between the α and β

forms of D-glucose, the more stable β form36 was chosen for electro-

oxidation reaction calculations. In the case of the cyclic form, it has

been reported that first glucono-lactone (C6H10O6) is formed as an

intermediate, and then it is followed by hydrolysis to gluconic acid

either spontaneously or catalytically.33,35,73 The GOR mechanisms

through the formation of glucono-lactone mechanisms were therefore

examined by DFT method during the study.

To observe the catalytic effect on the oxidation of C6H12O6 to

C6H10O6 a SAC model structure was prepared by anchoring a metal

atom on a graphene surface decorated with pyridinic N atoms (as

shown in Figure 1A-D). Here, a metal atom was placed in the surface

vacancy positioned at the center of three N-atoms as shown in

Figure 1C. Insertion of the metal atom into the N-doped surface does

not cause perturbation on the substrate surface; however, the dis-

tance between metal atoms and N-atoms showed a difference for

each system as shown in Table 1 due to positioning of the metal out

of plane. While the longest M N distances belong to Au-3NG system

(2.68, 2.68, and 2.72 Å), M N bond distance is the shortest for Ni-

3NG catalyst (1.91, 1.91, and 1.93 Å). The degree of the perturbation

of the graphene surface after the insertion of metal atom has been

attributed to the number of the electron shells in the metal atoms.74

Among the metal atoms investigated in our system, Au metal has the

highest atom number so the M N distance is the longest. Conversely,

Ni atom has the shortest M N distance with the smallest atom num-

ber. These results are compatible with the literature.

Before studying the interaction of electrode surfaces with the

molecules present in the electrolyte, some electronic and structural

properties of the M-3NG systems such as chemical hardness, chemical

potential, electronegativity, and electrophilicity were calculated from

the highest occupied molecular orbital (HOMO) and lowest unoccu-

pied molecular orbital (LUMO) value and reported in Table 2. Among

all the electrode surfaces, the highest LUMO value was calculated for

Au-3NG (3.77 eV) electrode system. LUMO values of the other

surfaces were very close to each other and varied in the range of

2.31–2.42 eV. Likewise, chemical potential and electrophilicity values,

which are interpreted as the tendency of the reaction, showed the

same trend. As seen in Table 2, the electrophilicity value for Au-3NG

is significantly higher (37.72 eV) and the HOMO-LUMO band gap is

the smallest. Therefore, the activity of the Au-3NG surface can be

expected to be higher than the other surfaces. Based on our Mulliken

charge analysis, the Au-3NG system appeared to behave differently

from the other systems considered. Instead of donating electrons to
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the substrate surface (as in the other M-3NG catalysts considered),

Au anchored on 3NG accepted electrons from the substrate resulting

in a negative charge.

As the next step, the adsorption of individual H2O, OH, and

C6H12O6 molecules on M-3NG systems have been studied. Thus, the

effect of the surface electronic structure on the adsorbent-adsorbate

interaction force can be seen clearly. Different orientations of

C6H12O6 molecule were considered to investigate the behavior of all

five-reaction sites shown in Figure 1E and the result for energetically

most favorable interaction was reported. According to the DFT

calculations in the solution phase using water as the solvent, the bind-

ing of all three species was found to be the strongest on Au-3NG cat-

alyst that are compatible with the smallest HOMO-LUMO energy

band gap and highest electrophilicity value, as reported in Tables 2

and 3. In terms of glucose adsorption, when the C6H12O6 was

approached by the CH2 OH group located outside the ring, it

adsorbed more strongly for all surfaces within the different binding

orientations considered for it. Oxygen molecule attached to Au metal

with an adsorption energy of �0.96 eV at a distance of 2.16 Å. In the

case of H atoms directly bonded to the C atom, the C6H12O6

F IGURE 1 Top and side views of (A and B) N decorated graphene (3NG), (C and D) Zn anchored on 3NG, and (E and F) glucose in water

(①–⑤ represent considered reaction sites for the interaction with OH radicals in electrolyte) (please refer to the Data S1 xyz data file for better
visualization of the outputs)

TABLE 1 Metal-nitrogen bond length
distribution over the single-atom
catalysts considered

M N bond length Au-3NG Pt-3NG Pd-3NG Ni-3NG Cu-3NG Zn-3NG

M N1 (Å) 2.68 2.14 2.19 1.91 2.05 2.05

M N2 (Å) 2.68 2.14 2.19 1.91 2.05 2.05

M N3 (Å) 2.72 2.57 2.47 1.93 2.05 2.05

TABLE 2 DFT calculated properties
of single atom catalysts considered

Property Au-3NG Pt-3NG Pd-3NG Ni-3NG Cu-3NG Zn-3NG

HOMO (eV) 4.19 4.25 4.24 4.21 4.32 3.90

LUMO (eV) 3.77 2.37 2.35 2.32 2.42 2.31

Chemical hardness (eV) 0.21 0.94 0.95 0.94 0.95 0.80

Chemical potential (eV) �3.98 �3.31 �3.30 �3.27 �3.37 �3.11

Electronegativity (eV) 3.98 3.31 3.30 3.27 3.37 3.11

Electrophilicity (eV) 37.72 5.83 5.74 5.65 5.97 6.05

HOMO-LUMO gap (eV) 0.42 1.88 1.89 1.89 1.90 1.59

Mulliken charge on metal �0.42 +0.38 +0.38 +0.95 +0.39 +1.36

Abbreviations: DFT, density functional theory; HOMO, highest occupied molecular orbital; LUMO,

lowest unoccupied molecular orbital.
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molecule rotated and approached the Au metal with an oxygen atom

of the ring at a distance of 2.23 Å. The energy release for this orienta-

tion was �0.73 eV. On the other hand, alcoholic OH groups and OH

group attached to the hemiacetal carbon of C6H12O6 bonded to the

surfaces with �0.78 and �0.64 eV respectively. The glucose adsorp-

tion energy over Au-3NG surface was found approximately three

times greater than on Pt, Pd, Ni, and Zn and nearly two times greater

than on Cu surfaces (Table 3). Among the three species considered,

H2O, OH, and C6H12O6, OH binding was found to be the most favor-

able process on all surfaces with an absolute binding energy of at least

2.08 eV. Therefore, OH-adsorbed M-3NG surfaces were used in the

investigation of the glucose oxidation as described in the incipient

hydroxyl oxide adatom model (IHOAM).27,75

When the adsorption energies of all molecules on the Pd-NG

surface are compared with the values obtained on the solution-free

surface reported in the previous work,6 the effect of water as a

solvent can be seen clearly. For the solution-free catalytic system, the

individual interaction of C6H12O6 (�0.64 eV, now �0.30 eV), H2O

(�0.81 eV, now �0.55 eV), and OH (�3.24 eV, now �2.08 eV)

molecules were seen to be energetically stronger than that of the

solution-added system. The presence of the water around the

electrode weakened the interaction of molecules with the surface

thermodynamically as expected but did not impede.

Since the interaction of the adsorbate species with the surface

changes the electronic properties of the system, the properties of the

OH-adsorbed surfaces were re-evaluated over the new electronic

energy values as shown in Table 4. Therefore, it would be more accu-

rate to consider the OH-adsorbed surface as a new system and evalu-

ate it among themselves. The OH molecule was adsorbed at the top

of the single metal in a tilted position for all systems and the most

feasible energy values belong to Pd and Cu-doped surfaces. As seen

in Table 4, covering the surface with an OH molecule increased the

electrophilicity value of both Pd and Cu-doped surfaces dramatically

while quenching this value for Au-doped surface. Moreover, the elec-

trophilicity value of the Zn-doped surface remained constant and a

slight increase was observed for the Pt and Ni-doped surfaces. In

addition, the lowest band gap value again belongs to both Pd and Cu-

surfaces as seen in Table 4. In the second step, we placed the

C6H12O6 molecule next to the strongly adsorbed OH molecule over

surfaces in different orientations since this is defined as the first step

of C6H12O6 electrooxidation reaction. The interaction of the C6H12O6

molecule with the OH species adsorbed on Pd-3NG surface was

strongest as expected (�0.65 eV) as seen in Table 4. In this case,

C6H12O6 molecule made a bond through the OH group attached to

the hemiacetal C atom of the ring. After the interaction, the distance

between O H bond of C6H12O6 molecule extended from 0.97 to

1.02 Å, which looked to be completely separated from the ring as

seen in Figure 2A. The distance between the surface OH molecule

and the H atom of the ring was calculated as 1.54 Å. While the O and

hemiacetal C bond length shrank from 1.39 to 1.37 Å, the H atom

attached to the hemiacetal C slightly moved away from 1.10 to

1.11 Å as seen in Figure 2A. The other side of the C6H12O6 molecule

again has a weaker bond such as the CH2 OH group (�0.16 eV). The

CH2 OH group located outside the ring is an active site for the clean

metal-doped surface, while the reactive site is hemiacetal OH site for

the OH-adsorbed electrolyte surface. This can be explained by the

fact that the hemiacetalic OH group is more acidic than that of the

alcoholic OH group.76 So the interaction between surface OH and this

TABLE 3 Adsorption energies of
molecules on M-NG catalyst

Adsorption energy (eV) Au-3NG Pt-3NG Pd-3NG Ni-3NG Cu-3NG Zn-3NG

Glucose �0.96 �0.39 �0.30 �0.38 �0.60 �0.32

H2O �1.11 �0.70 �0.55 �0.67 �0.89 �0.61

OH �3.39 �3.26 �2.08 �3.07 �2.49 �3.08

TABLE 4 Glucose binding energies
on hydroxylated M-3NG surfaces and
binding energy of adsorption glucose

Property Au-3NG Pt-3NG Pd-3NG Ni-3NG Cu-3NG Zn-3NG

Glucose binding energy (eV) �0.30 �0.37 �0.65 �0.30 �0.49 �0.32

Surface properties

HOMO (eV) 4.75 4.10 4.27 4.77 4.25 4.35

LUMO (eV) 3.76 2.68 3.78 3.41 3.74 2.52

Chemical hardness (eV) 0.49 0.71 0.25 0.68 0.26 0.91

Chemical potential (eV) �4.26 �3.39 �4.02 �4.09 �4.00 �3.44

Electronegativity (eV) 4.26 3.39 4.02 4.09 4.00 3.44

Electrophilicity (eV) 18.34 8.09 32.97 12.34 31.27 6.45

HOMO-LUMO gap (eV) 0.99 1.42 0.49 1.36 0.51 1.83

Mulliken charge on metal �0.03 +0.57 +0.01 +0.59 +0.06 +0.99

Mulliken charge on OH ads. �0.41 �0.40 �0.46 �0.47 �0.49 �0.53

Abbreviations: HOMO, highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital.
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site of the molecule is stronger than other sites. Our result is consis-

tent with this explanation. In addition to the OH group, the calculation

was performed to see the interaction strength of H atom of hemiace-

tal C because Ernst et al. stated that the oxidation reaction starts with

H atom bonded to the hemiacetal C atom due to its strongly acidic

OH-group.76 However, approximately the same adsorption energy

was obtained as �0.66 eV at a distance of 2.21 Å for this side. Pd-

doped system was followed by the Cu-doped system with an adsorp-

tion energy of �0.49 eV. Although the energy released differed for

Pd, Cu, and the others, the above-mentioned distances were the same

for the whole system with one exception. The distance of the mole-

cule to the surface OH species was 1.44 Å for Cu-3NG but 1.54 Å for

other surfaces. Likewise, the most active site for the entire surface

was obtained for the hemiacetalic OH site. No spontaneous water for-

mation was observed after the interaction of C6H12O6 with OH-

surface species, but H atom seemed to be nearly split off from the glu-

cose molecule. This event occurred in the same way for all doped

atoms. The adsorption energy value of C6H12O6 in various Au cluster

systems was reported between �0.45 and �0.57 eV which is very

close to the results we obtained.70,71

After stimulating the H atom of the hemiacetalic OH group, the

second step of the oxidation reaction is the formation of water

with OH species present in the electrolyte and H atom of C6H12O6.

Since the highest adsorption energy was obtained for Pd-doped

surface, it was first investigated for the formation of H2O for this

catalytic system. Therefore, the OH-species in the electrolyte were

located close to the stimulating H atom and hemiacetalic

H. Although OH species were placed at various distances ranging

from 1.0 and 1.6 Å, OH� ion preferred to adsorb on the surface Pd

atom instead of forming a water molecule. Before moving to other

metal-doped surfaces, the interactions of the OH� in the electro-

lyte solution with the sites 2–5 were examined. When OH species

was put at site 2, it preferred adsorption on the graphene surface

while a water molecule formed with the formation energy of

�1.34 eV at site 3. OH groups away from the point where the mol-

ecule attaches to the surface, that is, site 4 and 5, tended to make

water molecule with higher energy, �1.65 and �2.27 eV respec-

tively. For site 5, the activated C6H11O6
� approached to the sur-

face Pd atom through dehydrogenated O atom at dPd-C6H11O6 ¼2:07

Å while forming a water molecule as shown in Figure 2B. Although

high deprotonation energy was obtained for the site 5, the proposed

gluconic acid mechanism does not follow this path. Instead of

C6H11O6
�, glucono-lactone must be formed first as an intermediate

through the proposed mechanism. For this pathway, dehydration of

C6H12O6 molecule must proceed through the cleavage of the H atoms

in the hemiacetal C region.

F IGURE 2 (A) Adsorbed C6H12O6 molecule on the Pd-doped surface. (B) H2O molecule and activated C6H11O6
� at site 5 on the Pd-doped

surface. (C) Adsorbed C6H12O6 molecule on the Cu-doped surface with electrolytic OH species placed at a distance of 1.50 Å. (D) Glucono-
lactone and two H2O molecules formed on the Cu-doped surface. (E) Products formed after reaction on the Au-doped surface. (F) Products
formed after reaction on the Pt-doped surface (please refer to the Data S1 xyz data file for better visualization of the outputs)
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For the Cu-promoted surface, all sites of the C6H12O6 molecule

were again examined to reveal the behavior toward the OH species

present in the electrolyte. When we put OH species near sites 4 and

5, the points where water formation occurred with high energy for

Pd-3NG surface, water was formed again with �1.35 and �0.84 eV

energy. Then the OH molecule was placed near the hemiacetalic H

atom at a distance of 1.50 Å as shown in Figure 2C since it is reported

as the most active point in the literature.76 Contrary to the Pd-3NG

surface, two water molecules were formed for this geometry with

high exothermic energy of �3.45 eV. When the electrolytic OH spe-

cies split the hemiacetal H atom from the C6H12O6, the surface

adsorbed OH species dissociated the H atom of the hemiacetal OH

group. A single-step glucono-lactone formation occurred on the Cu-

3NG electrode surface, and no adsorbed products or species present

in the alkaline medium remained on the Cu atom at the end of the

reaction as depicted in Figure 2D. Cu/CNT catalyst has been reported

as one of the promising catalysts for energy production from glucose

in direct alkaline FCs reactor in the experimental literature.77

The formation of glucono-lactone was investigated in different

OH-species orientations on other metal surfaces (Pt, Au, Zn, Ni).

Among various sites, the maximum deprotonation energy for the

Au-3NG surface was obtained as �1.21 eV resulting in the cleavage

of the hemiacetal H atom and the formation of the first H2O mole-

cule. By placing the second OH species next to the hemiacetal OH

group at a distance of 1.50 Å, glucono-lactone and the second H2O

molecule were obtained with high exothermic energy of �4.78 eV.

However, in the second step, electrolytic OH species did not directly

remove H from the activated C6H11O6
� molecule; instead, it detached

H from surface adsorbed OH, and the deprotonated surface O atom

split H from the molecule. Water molecule formation took place for

other sites of physically adsorbed C6H12O6 molecule with energy less

than �1.07 eV compared with the hemiacetal regions. Besides, in the

hemiacetal OH site, electrolytic OH was adsorbed on the Au atom as

a second molecule instead of H taken from the C6H12O6 molecule.

Glucono-lactone was formed on Au-3NG surface in a different path-

way involving a two-step reaction with high exothermic energy. In the

case of the Pt-3NG surface, OH species were placed at a distance of

1.50 Å from the hemiacetal H and OH regions. The OH species

physisorbed on the hemiacetal H with an energy of �0.15 eV and the

distance increased from 1.50 to 1.82 Å. On the other hand, a water

molecule formed in the OH region by dissociation of H with signifi-

cantly higher energy (�2.61 eV) and subsequent splitting of hemiace-

tal H atom resulted in the desired product. The second step released

�3.49 eV of energy, which was smaller than that obtained for the

Au-3NG surface. As shown in Figure 2E,F, unlike the Cu-3NG electrode,

OH species remained on the metal atom after the completion of the

reaction for both surfaces. The energy released on the surfaces where

the glucono-lactone formation is visualized in Figure 3. Unlike the

mechanism proposed by Ishimoto et al., OH species adsorbed on the

surface or in the electrolytic medium did not bind to the deprotonated

cyclic form of the glucose molecule. Instead, after the first H atom bond

of the hemiacetal site was cleaved, the remaining second H atom was

split off to form the glucono-lactone intermediate. The OH species

present both on the electrode surface and in the electrolytic solution

participated in this reaction. Glucono-lactone formation was not

observed over Ni and Zn-doped surfaces as in the case of Pd-3NG

electrode. The calculation results of various orientations showed that

the maximum deprotonation energy released as �1.44 eV for Zn-doped

surface and �1.46 eV for Ni-doped surfaces for site 2. Different from

the Zn-3NG surface, the deprotonated O atom made a bond with a

surface Ni atom. There was no interaction in the hemiacetal regions.

The identification of the intermediate during the electro-

oxidation reaction was performed by in situ IR spectra and it was

reported by Largeaud's group35 that the band at 1728 cm�1

ascribed to the C O vibration could be assigned to the C O

stretch of δ-lactone. This frequency value at 1728 cm�1 is shifted

from the normal frequency value of 1740 cm�1 for the C O vibra-

tion. The reason for this shift was interpreted as the adsorption of

the molecule over the electrode surface. The IR frequency value

attributed to lactone was checked for Cu, Au, and Pt-doped sur-

faces to evaluate the interaction of the product since the electro-

oxidation reaction took place on these three surfaces in different

pathways. The corresponding frequency values for lactone were

calculated as 1687, 1725, and 1642 cm�1 for Cu, Au, and Pt-doped

surfaces, respectively. When we look at the calculated values, the

highest shift occurred for Pt-3NG surface because the distance

between the molecule and the surface Pt atom was the smallest

when compared with other surfaces. The measured distance for Pt

and lactone was 2.13 Å. Moreover, it was 4.20 and 4.47 Å for Cu-

3NG and Au-3NG surfaces, respectively. Therefore, from these

results, it can be concluded that lactone is adsorbed physically

over the Pt-3NG catalyst.

On the other hand, this interaction was very weak on the

Cu-3NG surface, especially on the Au-3NG catalyst and the product

desorbs spontaneously from the surface. When the results were eval-

uated with respect to their energy values as seen in Figure 3, it can be

inferred that Au-doped graphene is the most effective catalyst in elec-

tro oxidation of the glucose molecule in the alkaline FC with a more

exothermic reaction pathway. Besides, it can also be seen from the

energy values that Cu and Pt catalysts are also promising catalysts

with high exothermic reaction energy.
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In our DFT approach, the most examined metal atoms in GOR were

used to model the SAC supported on the nitrogen-doped graphene

surface to reveal the mechanisms that may occur during the reaction.

The Au-3NG electrode which has a high electronegativity and small

HOMO-LUMO band gap energy values adsorbed all ions in an alkaline

medium more strongly. However, the adsorption of electrolytic OH

species on the surface rearranged the electronic properties of the

entire catalytic system and in this case, the Pd-doped 3NG electrode

adsorbed C6H12O6 molecule more strongly. Our computational results

showed that glucono-lactone, which is reported as an intermediate in

GOR, the formation took place over Cu, Pt, and Au-doped electrode

surfaces and proceeded via different pathways. Direct formation of

lactone occurred on Cu-3NG surface in a single-step reaction with an

energy of �3.45 eV, and the metal surface remained empty after the

reaction. On the other hand, the deprotonated C6H11O6
� molecule

was first formed on the Pt and Au-doped electrode surfaces with

�2.61 and �1.21 eV energies, respectively, and then the glucono-

lactone formed with a second electrolytic OH species. The energy

obtained for the second step was �3.49 eV for Pt-doped and

�4.78 eV for Au-doped electrodes respectively. After a two-step

reaction sequence, the adsorbed OH remained on the Pt and Au

atoms. The vibrational frequency analyses consolidated the formation

of the lactone with a small shift from the reported frequency value

due to its adsorption on the surfaces. Although deprotonation of

C6H12O6 molecule on the Pd, Ni, and Zn-doped surfaces took place in

the energy range of �1.44 to �2.27 eV, no lactone was formed.

When the overall energy values and the intermediates formed during

reaction are examined, it can be seen that single Cu, Pt, and especially

Au-doped nitrogen decorated graphene surfaces are effective for

direct glucose FC reactor in an alkaline medium.
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