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Summary

Reduced graphene oxide (RGO) has progressed as one of key emerging carbon for

catalyst support material. As an alternative to the conventional RGO precursor, bio-

mass Sengon wood was converted into RGO for use as a noble metal free catalyst

support in oxygen reduction reaction (ORR). This work intends to reveal the applica-

bility of Sengon wood-derived RGO in anchoring/doping iron and nitrogen particles

onto its surface and to study its ORR performance in a half-cell environment. Thin-

sheet layer and highly defective (ID/IG) was gradually obtained at elevated pyrolysis

temperature of Sengon wood graphene oxide (GO) at range 700�C to 900�C. As pre-

pared RGO was further doped into catalyst (Fe/N/RGO) through the same pyrolysis

procedure at a selected temperature after mixing the GO powder with iron chloride

and different nitrogen precursors (urea, choline chloride, and polyaniline) at a fixed

ratio. The ORR activity reached a current density up to 2.43 mA/cm2, which in con-

junction with smooth multilayer sheet morphology and high graphitic-N content as

the active sites. Stability analysis indicated an 85% current efficiency and only 0.03-V

reduction in onset potential on methanol resistant test for Fe/ChoCl/RGO catalyst.

This study revealed that Sengon wood-derived RGO successfully supported Fe-N-C

catalyst which showed comparable oxygen reduction activity to Pt/C.

K E YWORD S

catalyst support, ORR activity, reduced graphene oxide, Sengon wood

1 | INTRODUCTION

Carbon support is one of the key determining factors for catalyst per-

formance in various electrochemical applications, such as metal-air

batteries and fuel cells.1,2 The carbon structure has a strong influence

on the anchoring effect of metal and auxiliary atoms on its surface,

which is crucial in providing fixed reaction sites for the reactants.3

Various types of carbons, such as carbon black,4 multiwall carbon nan-

otubes (MWCNTs),5 activated carbon,6 C/polymer composite,7 and

graphene, have been identified as key potential catalyst support mate-

rials in fuel cells. The use of carbon nanostructures was shown to sig-

nificantly increase the current density, durability, and stability of the

electrode due to the increase in the specific surface area and a strong

anchoring effect. Among all materials, graphene has drawn the most

interest due to its ability to prevent the agglomeration of metal spe-

cies to increase the stability and mass transport on the electrode.8

Nonetheless, graphene production faces problems related to synthesis

cost, method preparation, and production from nonrenewable
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graphite sources. In view of the substantial potential of graphene as a

catalyst support, there is a need to look for alternative renewable

sources using biomass as a substitution. Sengon wood, which origi-

nates in Indonesia, is widely harvested for light wood building con-

struction. Leftover branches and trunk have the potential to gain

added value as biomass sources. Interestingly, Sengon wood was

enriched by cellulose, hemicellulose, and lignin previously observed to

construct a defective honeycomb structure and high oxygen content.

This structure has the potential to be further processed into

graphene-like carbon via chemical treatment.9,10

Currently, biomass-derived graphene is extensively prepared via a

base activation method with high-temperature pyrolysis. Indeed, this

method has successfully produced multilayer graphene from various

biomass sources such as peanut shell,11 populus wood,12 spruce

bark,13 and wheat straw.14 Physical characterization showed a stacked

multilayer nanosheet and six less well-defined rings, which still lead to

the argument for the formation of either graphite, graphene, or acti-

vated carbon structures.

Attempts have been made to successfully apply biomass graphene

to various electrochemical applications due to its high surface area,

high conductivity, and many active sites for catalytic activity. For elec-

trochemical storage applications, the resultant capacitance and surface

area of biomass carbon are comparable to those of existing commer-

cial carbon sources. Nonetheless, there has yet to be any standard

procedure and reference to the synthesis of graphene-like structures

from biomass carbon despite the success of the base activation

method. In addition, there have yet to be works to explore different

methods for such synthesis, and this provides us with an opportunity

to venture into the use of the Hummer's method, which is convention-

ally used to produce graphene oxide (GO) and can be used to further

pyrolyze and reduce to produce reduced graphene oxide (RGO) as the

graphene family from graphite. This method can be conveniently used

to produce rich functionality and well-dispersed RGO (a family of

graphene), and such properties are desired as catalyst supports.15 The

intermediate oxidation stage of biomass can create defective sites,

which upon further reduction can be turned into active sites to anchor

the catalysts more strongly onto the surface.16 Thus, we expected that

the biomass RGO synthesized via the Hummer's method would be

able to serve as a strong and active catalyst support for electro-

catalysts. Considering the fast-growing works on noble-metal-free

iron/nitrogen/carbon (Fe-N-C) catalysts as the highest potential low-

cost oxygen reduction reaction (ORR) catalysts for fuel cell applica-

tions, this work will attempt to anchor various Fe-N-C with different

nitrogen precursors such as urea, polyaniline, and choline chloride

onto the biomass RGO support. The use of the biomass RGO is

expected to result in comparable (ORR) activity under alkaline condi-

tions as reported Fe-N-C catalysts.17

Herein, we report for the first time the conversion of biomass into

RGO via the Hummer's reduction method and its application as a cata-

lyst support for fuel cell ORRs at the cathode. In this work, biomass

RGO was initially synthesized at different pyrolysis temperatures after

the Hummer's reduction process, and the structure of the RGO

obtained was examined. The pyrolysis temperature was selected for

the synthesis of the catalyst in a one-pot thermal treatment with iron

chloride salt and nitrogen precursors to obtain Fe/X/RGO (X = nitro-

gen precursor) on biomass RGO and was followed by characterization

to determine the ORR activity of the noble-free catalysts supported

on biomass RGO.

2 | MATERIALS AND METHOD

2.1 | Material preparation

2.1.1 | RGO preparation

Sengon wood biomass was initially ground and crushed into particles

sized 0.1 mmwith an ultra-centrifugal mill. The raw Sengon wood pow-

der was hydrothermally processed to remove the lignin content at

200�C for 16 hours.18 Next, carbonisation was done by microwave

heating (Sharp R125IN, 800W) for 25 minutes. The obtained black car-

bon powder was purified and then further subjected to the Hummer's

method to produce GO. Briefly, 3 g of Sengon wood carbon powder

and 3 g of sodium nitrate (R&M chemical, 99% A. R Grade) were added

to 100-mL 95% to 98% sulfuric acid (Systerm, 95-98% AR Grade). The

mixture was stirred for 1 hour in an ice bath. Next, 9 g of KMnO4 (R&M

Chemical, 99% ChemPure) was gradually added. The reaction was kept

at 20�C for an hour and then stirred continuously at room temperature

(±35�C) for 24 hours until a brown paste was formed. Then, 100-mL

deionizedwater was added to the solution, followed by continuous stir-

ring for another 24 hours. Subsequently, 10 mL of hydrogen peroxide

(Systerm, 30% ChemAr) was added to the mixture to terminate the oxi-

dation process along with the addition of 100-mL DI water with stirring

for another 2 hours. The suspension was filtered and washed alter-

nately with 5% hydrochloric acid and deionized water using centrifuga-

tion. The obtained black precipitate was exfoliated to GO through

sonication for 30 minutes and dried at 80�C overnight. The GO was

then subjected to pyrolysis at three different temperatures (700�C,

800�C, and 900�C)19 for 1 hour under inert conditions to obtain RGO

700, RGO 800, and RGO 900, respectively, and was kept prior to char-

acterization. For the preparation of Fe/X/RGO catalysts on biomass

RGO, the as-produced GOwas used to mix with the catalyst precursors

via the following procedure. As a control, RGO from graphite (RGO

graphite) was prepared following the same procedure.

2.1.2 | Catalyst preparation

In this work, the initial chemical synthesis methods of Fe/X/RGO cat-

alysts from various nitrogen precursors were different due to their dif-

ferent chemical nature. Nonetheless, the ratio of iron chloride (FeCl3)

and RGO was kept at 2:5 by weight ratio, while the pyrolysis tempera-

ture was fixed at 900�C after the first evaluation of the properties of

the biomass RGO.20 An acid wash with 0.5 M sulfuric acid for 6 hours

was performed on the as-produced Fe-N-C to remove any metal resi-

dues on the catalyst surface.

2 SUDARSONO ET AL.



2.1.3 | Fe/Urea/RGO

The prepared GO was diluted in 30 mL of DI water (milipore, 18.2

mΩ/cm) with 2 mmol of FeCl3 (Systerm, ChemPur) and urea (Systerm,

chemAr 99%) at a ratio of 2:5. The mixture was stirred for 1 hour

followed by sonication for 30 minutes. The homogenized mixture was

placed into a 150-mL Teflon-lined autoclave and heated in an oven at

190�C for 8 hours. The hydrothermal reaction aimed to create a crys-

talline composite of catalyst. The resulting black solution was further

dried at 80�C and then pyrolyzed at the optimal RGO pyrolysis

temperature.

2.1.4 | Fe/ChoCl/RGO

FeCl3 and ChoCl (Acros organic, AR 99%) were mixed and continu-

ously stirred in a hot water bath at 80�C under inert conditions until a

yellowish solution was formed.21 Subsequently, 0.8 g of GO was

added into solution and continuously stirred until a homogeneous

mixture was obtained. The resulting powder was further processed

via pyrolysis and acid wash as mentioned above.

2.1.5 | Fe/Pani/RGO

FeCl3 and GO with respective ratios were mixed in 30-mL 0.5 M HCl

under water bath conditions. Subsequently, 2-mL aniline (Acros

organic 99%, ACS Reagent) was added into the solution, followed by

the oxidant salt and ammonium persulfate (Systerm, 99% ChemAr) at

a molar ratio of 1:1. The mixture was stirred for 24 hours to obtain a

viscous dark green suspension.22 The solvent was evaporated and

oven dried prior to pyrolysis and washing.

2.2 | Physicochemical and electrochemical
characterizations

Raman spectroscopy (Invia Qontor Renishaw) with a 532-nm wave-

length detector at 50 keV was employed to confirm the success of

RGO production from Sengon wood biomass. X-ray diffraction (XRD)

(Panalytical, X'pert Pro MPD PW 3040/60) with a scanning rate of

30 step/second was used to investigate the crystallinity and compli-

ment the Raman spectra for confirmation of RGO production. The

scanning was performed at a wide angle in the range of 2θ = 5� to

80�. A field emission scanning electron microscope (FESEM) (Carl

Zeiss, GeminiSEM 500) with secondary electron scattering at a magni-

fication of 20 kV was used to investigate the surface morphology of

the biomass RGO and catalyst samples. TEM Thermo Fisher Model:

Talos 120C, was used to examine the success of RGO produced from

the Sengon wood. The RGO and catalyst samples' surface area and

pore analysis were performed using Brunauer, Emmett, Teller (BET)

analyser (Micromeritics 3Flex). N2 adsorption was performed at 77 K

with gradual desorption at temperatures of 30�C, 90�C, and 120�C

for every 30 minutes in 8-hour duration. X-ray photoelectron spec-

troscopy (XPS) was performed at Synchotron Beamline 3.2Ua with Al

Kα radiation in the scan range of 200 to 1200 eV. All spectra were

fitted with a Shirley background and calibrated to the respective C 1s

reference of 284.8 eV (binding energy shifted for less than 1 eV).

For electrochemical characterization, a catalyst ink was prepared

using 5-mg catalyst, a mixture of ethanol and DI water (3:1), and

50-μL 5 wt% Nafion ionomer solution. The mixture was dispersed in

an ultrasonic sonicator for 1 hour to obtain a homogeneous mixture.

Next, 10 μL of catalyst was deposited on a rotating-ring disk electrode

(RRDE) from Pine Instrument, Inc. and left overnight for drying prior

to testing.23 Cyclic voltammetry (CV) was performed with a negative

scan through a potential window from −0.9 to 0.1 V vs Ag/AgCl (3 M,

Metrohm) using a three-electrode system (half-cell reaction) in which

a 5-mm-diameter glassy carbon electrode (Pine Research Instrument

Inc.), Ag/AgCl electrode, and platinum wire served as the working, ref-

erence, and counter electrodes, respectively. All measurements were

conducted using Autolab PGSTAT128N with 0.1 M KOH electrolyte

via a scan rate of 10 mV/s in a N2- and O2-saturated environment.

Rotating disk voltammetry (RDE) was performed to obtain the elec-

tron transfer number of the catalyst. The working electrode was sub-

jected to rotation at 200 to 1600 rpm under an O2-saturated

environment. The recorded potential was converted into reversible

hydrogen electrode (RHE) with VRHE = VAg/AgCl + 0.9654 V. Koutecky-

Levich plots were produced using Equation (1).24

1
j
=
1
jk
+
1
jl
=
1
jk
+

1

0:62nFACo*Do2=3v−1=6ω1=2
ð1Þ

where jk, jl, and j are the kinetic current density, limiting diffusion cur-

rent density, and current density, respectively, n is the number of elec-

trons, Co is the O2 concentration in 0.1 M KOH (1.26 × 10−6

mol/cm3), Do is O2 diffusivity in 0.1 M KOH (1.93 × 10−5 cm2/s), v is

the kinetic viscosity of the solution (0.01 cm2/s), and ω is the rotation

speed in rpm. 1/j vs 1/ω1/2 was plotted to obtain the electron transfer

number. For the RRDE calculation, n and the peroxide yield were cal-

culated using the following equations (2) and (3),24 with Id, Ir, and

N are disk current, ring current, and ring-disk electrode coefficient

(N is calculated as 0.37)

n=
4Id
Id + Ir

N

ð2Þ

%H2O2 =
Ir
N

Id + Ir
N

x200% ð3Þ

The kinetic parameters for oxygen reduction were obtained using

Equation (4),25 obtained from the RDE data.

η= alog jo−blog jk ð4Þ

where η is the thermodynamic overpotential, jk is the kinetic current

density (mA/cm2), b is Tafel slope (mV/dec), a is constant, and jo is the
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exchange current density (mA/cm2). The transfer coefficient, α, was

derived FROM Tafel slope using Equation (5)25,26:

b =−
2:303RT
/ nF

ð5Þ

where R is the gas constant (8.314 J/K.mol), T is operating tempera-

ture (K), and F is Faraday's constant (96 485 C/mol). Stability was con-

ducted using chronoamperometry technique with working electrode

rotated at 1600 rpm in O2-saturated environment for 16 000 seconds.

Methanol tolerance study was conducted using the RDE technique at

1600 rpm, with the addition of 6 mL of 3.0 M methanol to O2-

saturated 0.1 M KOH solution to observe the changes on polarisation

curve before and after the addition.

3 | RESULTS AND DISCUSSION

The Raman spectra in Figure 1A show two characteristic peaks at

1300 and 1590 cm−1 for all samples, which are the D and G bands,

respectively. The D band indicates defect sites due to the effect of

edge sheet disruption, while the G band indicates the graphitic planar

sp2 bond.27 Each temperature of biomass RGO had a lower ID/IG ratio

than the RGO from graphite, which also confirmed the formation of a

less defective graphene material. The ID/IG ratios were 0.848, 0.866,

and 0.92 for RGO 700, RGO 800, and RGO 900, respectively, while

RGO graphite was ID/IG = 1.05. The increase in pyrolysis temperature

to produce the biomass RGO has increased the number of defective

sites on RGO. This is attributed to the effect of heat treatment at

higher temperature through pyrolysis that has removed greater

amount of oxygen-containing groups and caused a breakage on sp2

bond in graphene layers into sp3 bond, leading to higher vacancy

defects on the surface.28,29 The success of the synthesis of RGO was

further confirmed by the XRD spectra in Figure 1B. The diffraction

peaks at 2θ values of 25� to 26� and 44�, which correspond to the

(002) and (100) planes, respectively, confirmed the formation of RGO,

and the lack of peak at 10� indicated that the GO was reduced to

RGO for all samples. In comparison to the pure graphene sample,

broader peaks were observed for the RGO 700, RGO 800, and RGO

900 samples due to the disruption from the oxygen group on the sp2

carbon lattice during the reduction process, which created a less crys-

talline structure in the biomass RGO samples.30 RGO 900 had a

smaller peak shift relative to pure graphene for the (002) plane from

2θ = 25.89� to 26.48�, compared with RGO 700 (2θ = 26.52�) and

RGO 800 (2θ = 26.5�), thus indicating a similar lattice structure with

that of the benchmark. This result further confirms that a higher

pyrolysis temperature is beneficial in removing the oxygen-containing

group on the surface, resulting in increased crystal structure distor-

tion. Furthermore, prominent peaks at 2θ = 44� on both RGO cor-

responded to the distortion force between graphene layers,31 and

hence, these observations confirmed the formation of RGO from Sen-

gon wood biomass.

The morphology of the biomass RGO was investigated in the

FESEM micrographs as shown in Figure 2. Figure 2A shows that for

pyrolysis at 700�C, the produced RGO was a bulky thick layer, and it

was suspected that the carbon layers were not completely exfoliated.

In contrast, at a higher pyrolysis temperature of 800�C, the layer

began to be transparent, which initially demonstrated that the

graphene layer started to peel off (as shown in Figure 2B). Figure 2C

shows thin nanosheet layers that were observed more vividly at

900�C, which confirms the exfoliated graphene layers on the Sengon

biomass.13 Further TEM characterization shown in Figure 2D,E identi-

fied thin and transparent layers with defined spots and ring on

selected area electron diffraction (SAED) data had indicated the lattice

fridge on RGO, and thereby supporting successful RGO formation

from Sengon wood.31 Interestingly, the BET N2 adsorption and

desorption demonstrate a higher surface area on RGO 900 (405.16

m2/g) than RGO from graphite (372.6 m2/g) sources. This is believed

to be beneficial for the RGO from Sengon wood to serve as a catalyst

support.

Nonetheless, overall, compared with the RGO prepared from

graphite, the RGO from Sengon wood was merely multilayer RGO,

which has yet to be achieved as high quality graphene-based material.

The agglomeration on RGO layer was prompt by the incomplete

mechanical exfoliation due to the re-stacking of sp3 bond on graphene

lattice.32,33 Although the mechanism of the synthesis of RGO from

biomass sources is still vague and requires more comprehensive and

systematic study. However, we postulate that the reduction process

follows steps similar to those from graphite sources. Bulky vessel-like

biomass carbon undergoes a harsh acid treatment that exfoliates the

F IGURE 1 (A) Raman spectra of RGO;
(B) XRD spectra of RGO and graphene as
reference
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layers into carbon nanosheets. Some of the oxidants were able to

intercalate inside the nanosheet layer and form an oxygen group and

hence enlarge the space between the layers. In our case, biomass was

converted into GO through the Hummer's method. Biomass carbon

was oxidized with harsh treatment using dipermanganate heptaoxide

(Mn2O7). This species was intercalated into the biomass carbon layer

with functionalized oxygen groups among the layers.34,35 The ratio of

oxygen functionalities must be controlled to provide vacancies or sites

for anchoring auxiliary metals or atoms. As concluded from the char-

acterization, pyrolysis at 900�C resulted in RGO with many defect

sites, few oxygen-containing groups, sheet-like morphology, and high

graphitization, and thus, this was selected as the fixed temperature

for catalyst preparation.

For catalyst preparation, the GO intermediate was used as the

precursor with iron chloride and nitrogen precursors. The oxygen-rich

surface in GO leads to an increase in hydrophilic properties that facili-

tate dispersion in DI water. Therefore, the simultaneous reduction of

GO and metal nanoparticles would prevent the restacking and self-

agglomeration of edge graphene particles.36 During the one-pot syn-

thesis at a fixed pyrolysis temperature of 900�C, metal can anchor on

the defect sites of GO while removing the oxygen group from the sur-

face, thus producing Fe/X/RGO (X = ChoCl, Urea, Pani). Figure 3

shows the CV curve of the as-produced Fe/X/RGO catalysts with dif-

ferent nitrogen precursors and the control samples of RGO 700, RGO

800, and RGO 900. The reduction peak was absent for RGO 700 pyr-

olysed at lower temperature; while only a small reduction peak was

observed on RGO 800 at 0.55 V vs RHE. These phenomena were

related to the smaller number of edge defect sites at lower pyrolysis

temperatures, which serve as the active sites for oxygen reduction.37

Obviously, the depleted of reduction peaks was occurred on RGO

800, apparently due to insufficient distribution of oxygen removal dis-

perse on RGO surface.38,39 RGO 900 exhibited some ORR activity

with a low onset potential at 0.77 V, which is possibly attributed to

success formation of thin nanosheet RGO layers with large surface

defects upon the removal of oxygen groups on the carbon matrix.40

Interestingly, it was observed that the capacitive current was

depleted in the presence of metal and nitrogen atoms on RGO, which

was likely due to the effect of atomic metal anchorage on the RGO

defect sites. Generally, the onset potential and peak reduction of the

catalyst were increased relative to those of former RGO, yet they indi-

cate a synergetic effect from iron and nitrogen incorporating onto the

surface. Among the three different nitrogen precursors, screening via

CV demonstrated that Fe/ChoCl/RGO exhibited the highest

reduction peak potential at 0.785 V with an onset potential at 0.88 V,

F IGURE 2 SEM image for
(A) RGO 700, (B) RGO
800, (C) RGO 900 and TEM
imaging of RGO 900 (D-E)
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indicating better ORR activity with the lowest overpotential.

Fe/Urea/RGO and Fe/Pani/RGO followed with lower onset potentials

of 0.87 and 0.83 V, respectively. In conjunction with the CV results,

the XPS surface analysis detected a contribution from the iron con-

tent to the CV reduction peaks. As shown in Table 1, the iron metal

content from the surface scan was 2.39, 4.86, and 1.41 wt% for

Fe/Urea/RGO, Fe/ChoCl/RGO, and Fe/Pani/RGO, respectively.

Fe/ChoCl/RGO showed the highest iron content, which agrees with

the aforementioned oxygen reduction peaks on the CV scan. Mean-

while, Fe/Pani/RGO with the lowest iron content showed to exhibit

the lowest reduction potential value, correlate with its inferior ORR

activity compared with other Fe/X/RGO catalysts (Figure 3). There-

fore, iron metal plays an important role in contributing to the active

sites on ORR catalysts.

The ORR activity of the catalysts was further studied via rotat-

ing disk voltammetry that eliminated the mass diffusion factor. As

shown in Figure 4, the onset potential of each catalyst was 0.89,

0.91 V and 0.87 V vs RHE for Fe/Urea/RGO, Fe/ChoCl/RGO, and

Fe/Pani/RGO, respectively, which agreed with the CV results.

Nonetheless, these values were slightly lower than those of the

commercial Pt/C catalyst, which is 0.97 V due to the small d band

gap and few vacancies on the atomic transition state of Pt. The

positive shift in the onset from 0.805 V with RGO 900 for all cat-

alysts indicated that Fe metal and nitrogen play vital roles in creat-

ing active sites for ORR activity.41,42 The half wave potential was

another parameter for determining the ORR activity of each cata-

lyst. The values of the half wave potentials ranged from 0.66 to

0.79 V. Among all, Fe/ChoCl/RGO achieved the highest half wave

potential at 0.84 V, and the difference from Pt/C (ΔE1/2) was only

−56.1 mV, which was considerably small, indicating its potential as

an active ORR catalyst. RGO 900 shows much lower onset poten-

tials and the absence of a limiting current density at potentials

below 0.5 V, which indicates insufficient and unevenly distributed

active sites on the defective carbon surface.26 Furthermore, this

confirms that RGO SW has similar kinetic properties as oxidized

graphene, as previously reported by Jiao and his coworker.43

Apart from kinetic region, the ORR in the potential range < 0.5 V

vs RHE was apparently controlled by mass transport diffusion. As

depicted in Figure 4, Fe/Pani/RGO did not achieve the limiting

plateau owing to the poor distribution of active sites that have inter-

fered the mass transport. Meanwhile, both Fe/ChoCl/RGO and

Fe/Urea/RGO achieved a quasi-limiting plateau, indicating a better

active site distribution on the catalyst surface. The current densities

were described at pointed potential 0.12 V vs RHE with significant

increase in the order of Fe/Pani/RGO (2.084 mA/cm2), Fe/Urea/RGO

(2.22 mA/cm2), and Fe/ChoCl/RGO (2.43 mA/cm2) which are corre-

lated to the surface morphology of the catalysts. Figure 5A

demonstrates that the Fe/Urea/RGO catalysts in the form of crum-

pled agglomerates decorate the surface of the RGO sheets.

Fe/ChoCl/RGO (Figure 5B) is a smooth multilayered sheet with some

coarse particles deposited on the surface without any agglomerates.

In contrast, Fe/Pani/RGO in Figure 5C has catalyst particles that

appeared as dense, rough, and amorphous layers, which are suspected

to cover the entire surface of RGO. This coverage is likely attributed

to the polymer nature of Pani, which formed large agglomerates due

to incomplete reduction of GO that decreased the number of nitrogen

atoms doped on the carbon surface. In addition, it is worth noting that

the one-step pyrolysis with a shorter period than a two-step pyrolysis

that was adopted to synthesize Fe/Pani/RGO may have resulted in

the formation of agglomerates.44

F IGURE 3 Cyclic
voltammogram of Fe/X/RGO,
RGO 700, and RGO 900 catalysts
in 0.1 KOH electrolyte under
nitrogen-saturated (red lines) and
oxygen-saturated (black lines)
conditions
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Further kinetic analysis to determine the ORR mechanism on the

catalyst was performed through Tafel slope calculation in the kinetic

control region. The Tafel slopes at low current density (lcd) region

(0.9-0.8 V vs RHE) were measured as 189 mV/dec for Fe/Urea/RGO,

81 mV/dec for Fe/ChoCl/RGO, and 109 mV/dec for Fe/Pani/RGO.

As compared with the benchmark value of 60 mV/dec on Pt/C, it is

worth noting that only Fe/ChoCl/RGO showed the nearest value,

implying that this catalyst would follow a one electron transfer as the

rate-determining step, similar to that on Pt/C. The kinetic and mass

transport parameter were crucial factors on determining the utilisation

of catalyst in further application, and thereby, we postulate that

Fe/ChoCl/RGO as the most active Fe-N-C catalyst in this work to

catalyse the ORR in alkaline media.

The highest activity as observed in Fe/ChoCl/RGO compared

with other catalysts can be correlated to the morphology and its ele-

mental composition. During the catalyst synthesis of Fe/ChoCl/RGO,

it was believed that choline chloride as the organic salt that is highly

miscible in water was able to penetrate through the Sengon wood GO

during the mixing. Upon pyrolysis, the organic salt containing nitrogen

was embedded and possibly doped into the RGO matrix, leaving solely

iron particles from the iron salt precursor to anchor on the RGO sur-

face. This work shows good agreement with that of Mondal and his

coworker,21 who used Sargassum tenerrimum, seaweed biomass, and a

deep eutectic solvent of ChoCl:FeCl3 to synthesize Fe-functionalized

graphene for an ORR study. Similar morphologies with Fe particles

were observed on the functionalized graphene with the N dopant

detected in the catalyst without the appearance of large particle

agglomeration. The catalyst was reported to demonstrate a 0.83-V

onset potential and 0.78-V half wave potential in a similar electrolyte

environment, and our current work presents better ORR activity in

the kinetic region. This difference could be attributed to the RGO

used in this study, which has more active sites. In addition, catalysts

that exist in the form of graphene sheet-like structures are well known

to be more chemically active under alkaline conditions for the ORR,T
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F IGURE 4 Linear swept voltammograms of all catalysts, RGO and
Pt/C at 1600 rpm under O2-saturated condition in 0.1 M KOH
electrolyte
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and the catalytic activity is predicted to occur at the edge of the

RGO layers.36 It is also evident that the dense and amorphous

Fe/Pani/RGO has the lowest onset potential that reflects its poor

ORR activity. This can also be correlated with the nitrogen bonding

states on the catalyst surface that will be discussed later. In addition

to the morphology, the type of nitrogen doped on the surface might

affect the limiting current. Based on Table 1, the higher number of

graphitic N on both Fe/ChoCl/RGO and Fe/Urea/RGO synergistically

increased the limiting current density on the catalyst.

To further explain the ORR activity based on the structural and

chemical properties of the catalysts, XRD spectra are presented in Fig-

ure 6. The spectra demonstrate that all catalysts showed the presence

of the characteristic peaks of RGO at 2θ = 26� and 43� despite the

sharpness of the peaks being different. This result confirmed that the

one-pot thermal treatment successfully reduced GO to RGO. Interest-

ingly, Fe/ChoCl/RGO showed a sharp peak at 2θ = 26�, implying the

formation of a high crystalline multilayer graphene-sheet layers on the

catalyst, which is evident from the micrograph in Figure 5B.21 Fur-

thermore, the peak at 2θ = 54� confirmed the existence of Fe3O4. The

XRD spectra for Fe/Urea/RGO showed extra peaks at 35.02�

and 57�, corresponding to the presence of Fe3O4 (ICSD

no. 98-001-2141). The broader peak observed at 2θ = 26�, indicating

a more amorphous form of carbon, corresponds to the formation of

catalyst agglomerates on the thin sheets of RGO from Sengon wood

biomass. For Fe/Pani/RGO, the amorphous phase of carbon was dom-

inant without the appearance of Fe peaks. This is possibly due to the

formation of the dense agglomerate that was explained earlier as the

major constituents of carbon. Hence, we can confirm herein with the

SEM images that the graphene sheet-like structure is more favourable

for ORR activity in alkaline media. In addition, the presence of iron

was shown to have a positive contribution to the ORR activity, which

can be observed in the much higher onset and half wave potential of

the Fe/ChoCl/RGO and Fe/Urea/RGO catalysts.

Figure 7A demonstrates N2 absorption/desorption in isotherm

linear plot. At high relative pressure (>0.05), Fe/Urea/RGO and

Fe/ChoCl/RGO exhibited a steep increment on absorption peaks,

attributed to type IV isotherm plot, hysteresis loop type 4 (H4). This

indicated the existence of large mesopore number on catalysts.45 In

contrast, Fe/Pani/RGO displayed a reversible loop on the isotherm

plot, categorized as type II isotherm. This isotherm plot inferred the

absence of micro/mesopores on Fe/Pani/RGO, in good agreement

with its surface morphology that showed dense agglomeration, that

has disrupted the growth of interspace voids.46 The BET surface area

of the catalysts were 249.18, 55.15, and 19.58 m2/g and total pore

volume 0.19, 0.186, and 0.11 cm3/g for Fe/Urea/RGO,

Fe/ChoCl/RGO, and Fe/Pani/RGO, respectively. From above data,

the Fe/Urea/RGO and Fe/ChoCl/RGO demonstrated analogous pore

F IGURE 5 SEM images of
(A) Fe/Urea/RGO,
(B) Fe/ChoCl/RGO, and
(C) Fe/Pani/RGO

F IGURE 6 XRD spectra of Fe/X/RGO (X = Urea, Pani, and ChoCl)
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volume size despite the differences in the surface area. High pore vol-

ume was believed to accelerate the oxygen reactants to arrive at the

active sites and, thus, giving high onset potentials and current densi-

ties.47 Pore distribution examined by BJH adsorption method (Figure

7B) depicted mesopores sized ~8 nm on Fe/Urea/RGO and ~3 nm on

Fe/ChoCl/RGO. Nonetheless, the macropore sized >20 nm caused a

slow mass transport on catalytic reaction and thus lowered the ORR

performance on Fe/Pani/RGO.48

XPS analysis was conducted to explain the role of the inserted

metal and heteroatom doped for ORR activity. Figure 8 and Table 1

show the survey scan spectra and deconvoluted data, respectively, for

all three Fe/X/RGO samples. The deconvoluted spectra of the narrow

scans for all samples are presented in the Supporting Information. All

samples showed a high composition of carbon and oxygen on the

surface.

In general, the C 1s spectra displayed a distinctive single peak

rather than the doublet peaks, as observed in other work.49 This result

supports our earlier statement that the GO produced from Sengon

wood has undergone the removal of oxygen groups during pyrolysis

with metal and nitrogen doping. The deconvoluted spectra represent

peaks of C 1s as follows: 284.3 eV for the C-C bond, 284.7 for the

C═N bond, and 285.7 eV for the C-O bond, which is also assigned to

sp2 and sp3 bonding on the graphitic lattice. The C═N bond also con-

firmed the presence of N doping into the carbon matrix. The XPS

spectra revealed a significant difference in the oxygen content of each

catalyst, with values of 23.37, 11.53, and 30.69 wt% in Fe/Urea/RGO,

Fe/ChoCl/RGO, and Fe/Pani/RGO, respectively. A higher oxygen

content has been implied to decrease the binding energy between the

metal centre and the incoming oxygen molecules as the reactant dur-

ing the oxygen reduction process, therefore resulting in a slower

kinetic reaction and a decrease in the ORR activity in the

Fe/Urea/RGO and Fe/Pani/RGO samples.50 The oxygen bonding

nature was further analysed by the O 1s narrow scan. The presence

of C═O at 531 eV, C-O at 532.1 eV, and C-OH at 533 eV corresponds

to the carboxyl group from the RGO Sengon wood functional group,

as observed in all samples.51 In addition, the metal oxide group was

also confirmed as an Fe-O bond at 533.7 eV, which corresponded to

the detection of Fe3O4 in the XRD spectra.

Oxygen reduction on metal-based catalysts theoretically occurred

between adjacent metal and nitrogen atom binding active sites.52

Herein, the iron and nitrogen chemical states were analysed to corre-

late them with the active sites for ORR activity. The resulting deco-

nvoluted peaks for the Fe 2p peak indicate a pair of Fe bonds with

the valence state of Fe2+/Fe3+ on the catalyst.53 However, Fe 2p did

not appear clearly on the surface scan due to the low attenuation

length and small content incorporated into the carbon matrix.50

The pairing peaks at 711.9 and 725.5 eV are attributed to Fe2+

2p, which is present on Fe/N/RGO.54,55 Satellite peaks at 719 eV indi-

cate the background spectra of Fe3O4 formation.56 Thus, both Fe3+

and the background spectra confirm a dominant oxide form, Fe-O, of

iron metal on the RGO surface. This finding also agrees with the XRD

spectra and the aforementioned O 1s deconvolution peak, which

mostly showed a Fe3O4 peak on the catalyst. Apart from the bulky

agglomerated surface, the oxide functional group apparently

decreased the charge density between active sites, which is indicated

by positive shift in the binding energy (higher than 2 eV) of Fe 2p from

other work (710 eV).54 It is worth noting that the absence of peaks at

707 eV implies successful leaching of the Fe0 state or Fe particle dur-

ing acid washing47

The observed N doping deconvoluted peak indicates the type of

nitrogen doping on the surface. As presented in Table 1, the polymeric

source used to produce Fe/Pani/RGO contained a large amount of

nitrogen doped (17.29 at%) on a thick layer on the surface. In contrast,

F IGURE 7 (A) BET
adsorption/desorption at nitrogen
77 K; (B) pore distribution size on
Fe/X/RGO (X = Urea, ChoCl,and Pani)

F IGURE 8 XPS survey scan for Fe/Urea/RGO, Fe/ChoCl/RGO,
and Fe/Pani/RGO
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Fe/ChoCl/RGO and Fe/Urea/RGO had relatively small amounts of

nitrogen (3.97 at% and 2.36 at%, respectively) despite their better

ORR activity demonstrated in alkaline media. This is an interesting

observation, and we can postulate that the nitrogen dopant is not the

main determining factor for improved ORR activity. To understand

further, we analysed the nitrogen bonding states in each sample

(as shown in Table 1).

The deconvoluted peaks were fitted as pyridinic N at 398.9 eV,

pyrrolic N at 400 eV, and graphitic N 401 eV, and later, the integrated

peaks were calculated as atomic concentrations using CasaXPS soft-

ware. Among all samples, Fe/ChoCl/RGO displayed the highest per-

centage of graphitic N in the N 1s spectra with the lowest amount of

pyrrolic N, while Fe/Urea/RGO showed a relatively high graphitic N

percentage compared with Fe/Pani/RGO, which reported a major per-

centage of pyrrolic N instead of graphitic N. This observation is

believed to be correlated to the surface morphology of the samples,

as displayed in Figure 5A-5C. The formation of a graphene sheet-like

structure with little agglomeration contributed to the high percentage

of graphitic N on Fe/ChoCl/RGO; in contrast, a very low percentage

of graphitic N in Fe/Pani/RGO reflected its particles with a high

degree of agglomeration, indicating the unsuccessful formation of the

desired graphitic N or pyridinic N states. It is a common consensus

that both pyridinic N and graphitic N are responsible for improving

the onset potential and limiting current density, respectively. In this

work, we confirmed that pyridinic N and graphitic N both contribute

significantly to the ORR activity based on the XPS spectra for the

three samples, yet the contribution of each type of bonding state is

vague. This is attributed to the presence of Fe in the catalysts, which

is believed to have created a synergistic effect with the doped nitro-

gen, which could be in the form of Fe-Nx,57,58 that is responsible for

contributing to the improvement in the overall ORR activity. It is

believed that the synergetic content would be favourable for increas-

ing the mass transfer and oxygen binding on the active sites of the

catalysts.

The determination of the electron transfer number was further

performed via linear sweep voltammetry at different rotating speeds.

F IGURE 9 (A) Linear sweep
voltammogram of
Fe/ChoCl/RGO, (B) Koutecky-
Levich (K-L) plot, and (C) I disk
and I ring for RRDE calculation,
(D) n number based on RRDE and
H2O2 percentages, and (E) Tafel
plot on temperature range 25�C
to 80�C on Fe/ChoCl/RGO
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Figure 9A shows the voltammograms of Fe/ChoCl/RGO catalysts at

different rotation speeds ranging from 200 to 1600 rpm in 0.1 M

KOH under saturated O2 conditions. The current density curves were

shown to increase with higher rotation speeds, indicating a decreased

dependence on mass transfer and diffusion factors.57 The electron

transfer number of the Fe/ChoCl/RGO catalyst was extracted via

RDE analysis. The Koutecky-Levich plot (K-L) was obtained from

Equation (1) and is shown in Figure 9B for the low over-

potential/kinetic region (0.5-0.7 V vs RHE). The K-L plot results in a

number of electron transfers of 3.92, which also agrees with the

RRDE calculation (refer to Equation (2) and Figure 9D).

Furthermore, the calculated electron transfers for Fe/Urea/RGO

and Fe/Pani/RGO from the RRDE analysis, as presented in Figure 9C,

D, are 3.93 and 3.77, respectively. These results are closely correlated

to the morphology and elemental bonding states in each sample. A

lower electron transfer number is noted in Fe/Pani/RGO due to the

high degree of particle agglomeration on the surface with the unde-

sired high oxygen content and nitrogen bonding states observed on

its surface. Nonetheless, it is worth noting that all samples presented

a near four-electron transfer process, indicating a dominant four-

electron transfer pathway on all catalysts, denoting the production of

H2O as the final product. Both Fe/ChoCl/RGO and Fe/Urea/RGO

samples displayed a low peroxide yield of only ca. 5% during the pro-

cess, similar to that on Pt/C.

Temperature dependency of the ORR kinetic of Fe/ChoCl/RGO

was further studied in the range of 25�C to 80�C to identify its appli-

cability as the cathodic catalyst for fuel cell. Figure 9E displayed the

Tafel plots of Fe/ChoCl/RGO obtained at different LSV temperatures.

From the calculation, the kinetic transfer coefficient (α) showed the

values within 0.32 to 0.35 at low current density region (1.0-0.96 V vs

RHE) and increased as 0.45 to 0.51 at high current density (0.9-0.8 V

vs RHE). Tafel slope was shown to vary between 88 and 81 mV/dec

in the studied temperatures, demonstrating a near to one-electron

transfer as rate-determining step despite its more sluggish kinetic than

Pt/C. Meanwhile, at the hcd region, the Fe/ChoCl/RGO catalyst has

contributed to a less depressed Tafel slope in the range of 101 to

124 mV/dec as compared with Pt/C, 120 mV/dec. The exchange cur-

rent density was found to be 1.37 × 10−5 to 5.23 × 10−6 mA/cm2 and

assigned for similar order to benchmark Pt/C. This catalyst has evi-

dently shown to be stable kinetically over the temperature range stud-

ied and would be suitable for low temperature fuel cell application.

Nonetheless, further optimisation would be required to ensure the

homogeneity of the catalyst's active sites to ensure a uniform mass

transport of reactants during the operation.

The comparison of the results with literature work is shown in

Table 2. It can be concluded that the RGO from Sengon wood has

great potential to act as a catalyst support for respective nitrogen

sources through a one-pot synthesis. Therefore, low-cost, noble-free

ORR catalysts can be achieved for alkaline fuel cell applications upon

further optimisation based on the catalysts and RGO composition.

Chronoamperometry test of Fe/ChoCl/RGO was performed and

compared with Pt/C for 16 000 seconds, as depicted in Figure 10A.

The study showed that the current density of Fe/ChoCl/RGO has

retained 85% of its initial value at the applied potential of 0.78 V vs

TABLE 2 Comparison on the ORR activity of Fe/X/RGO (X = Pani, Urea, ChoCl) with literature works

Catalysts

Onset Potential, Eonset
(V vs RHE)

Half Wave Potential, E1/2
(V vs RHE)

Current Density

(mAcm−1 vs RHE) n Reference

Soybean carbon doped with Fe and carbon 0.84 0.68 2.18 3.1 61

Co/M-chlorella-900 0.84 0.87 V 5.06 4 62

Sewage sludge doped with Fe and

montmorillonite

0.90 0.89 2.38 3.6 63

Pomelo peel in cobalt and nitrogen doped 0.87 0.78 5 3.90 64

Fe/Pani/RGO from Sengon Wood 0.87 0.70 2.084 3.77 This work

Fe/Urea/RGO from Sengon Wood 0.89 0.81 2.22 3.93 This work

Fe/ChoCl/RGO from Sengon Wood 0.91 0.84 2.43 3.92 This work

F IGURE 10 (A) Chrono
amperometry test of Fe/ChoCl/RGO
during 16 000 seconds with O2

condition; (B) LSV curve of
Fe/ChoCl/RGO with and without
addition of 3 M methanol (6 mL)
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RHE. This result was encouraging as there is only a minor difference

in its efficiency as compared with that on Pt/C. We believed that the

surface area of Fe/ChoCl/RGO has inhibited active sites degradation

during catalytic reaction on long-term usage. However, the result was

lower than other iron-based catalyst supported by commercial carbon

sources which mostly had less than 10%.42,59 Methanol fuel crossover

was further examined to identify its other application on liquid-based

fuel cell (Figure 10B). 3 M methanol (6 mL) was injected after

200-second running on 0.1 M KOH solution. A significant 0.12-V

onset decay was observed on Pt/C, reducing from 0.96 into 0.84 V vs

RHE and half wave potential difference (ΔE1/2) of 0.23 V, affected by

vigorous adsorption of methanol and oxygen on catalyst interface.

Interestingly, on Fe/ChoCl/RGO, it was observed that only approxi-

mately 0.03 V was shifted negatively from the initial onset potential

with a 10-mV difference on half wave potential (ΔE1/2), thus signify-

ing a superior methanol resistance on catalyst surface due to RGO

mesopores structure.60

4 | CONCLUSION

In conclusion, our new approach using the Hummer's method and

thermal reduction successfully converted Sengon wood biomass into

RGO. The defective nature of the biomass RGO was also shown to

demonstrate great potential as an active carbon support for noble-

free Fe-N-C catalysts. In this work, it was demonstrated that the ther-

mal reduction of Sengon wood biomass after the Hummer's method

at 900�C was most effective in producing RGO with sheet-like struc-

tures and many defect sites, low oxygen content, and a high degree of

graphitisation, which are desired for a catalyst support. The attempt

to anchor noble-free iron/nitrogen/carbon catalysts on the RGO sur-

face via a one-pot synthesis was successful in producing catalysts that

are ORR active in alkaline media. Fe/ChoCl/RGO and Fe/Urea/RGO

showed electron transfer numbers of 3.92 and 3.93, respectively. In

addition, onset and half wave potentials comparable to Pt/C (0.97 V,

0.87 V) were obtained on both samples. Comparable current effi-

ciency through the stability test and better methanol resistant than

Pt/C was observed on the Fe/ChoCl/RGO. This shows that low-cost,

noble-free metal Fe-N-C catalysts with the employment of naturally

abundant Sengon wood biomass sources have the potential to replace

scarce and expensive Pt/C as the cathode.
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