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a b s t r a c t

Fe-N/C is a promising oxygen reduction reaction (ORR) catalyst to substitute the current widely used

precious metal platinum. Cost-effectively fabricating the Fe-N/C material with high catalytic activity and

getting in-depth insight into the responsible catalytic site are of great significance. In this work, we pro-

posed to use biomass, tea leaves waste, as the precursor to prepare ORR catalyst. By adding 5% FeCl3
(wt%) into tea precursor, the pyrolysis product (i.e., 5%Fe-N/C) exhibited an excellent four-electron ORR

activity, whose onset potential was only 10mV lower than that of commercial Pt/C. The limiting cur-

rent density of 5%Fe-N/C (5.75mA/cm2) was even higher than Pt/C (5.44mA/cm2). Compared with other

biomass or metal organic frameworks derived catalysts, 5%Fe-N/C showed similar ORR activity. Also, both

the methanol tolerance and material stability performances of as-prepared 5%Fe-N/C catalyst were supe-

rior to that of Pt/C. X-ray adsorption fine structure characterization revealed that the FeN4O2 might be

the possible catalytic site. An appropriate amount of iron chloride addition not only facilitated catalytic

site formation, but also enhanced material conductivity and reaction kinetics. The results of this work

may be useful for the Fe based transition metal ORR catalyst design and application.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Fuel cell technology is one of the favorable solutions for sus-

tainable transportation development. Nevertheless, the low rate of

oxygen reduction reaction (ORR) on cathode surface remains as a

great challenge for its application [1–3]. Due to its low Fermi level

[4], platinum-based catalysts usually exhibit excellent ORR activ-

ity, yet the low storage reserves and fancy price impeded its large-

scale and sustainable deployment [5,6]. As platinum is short of

supply, there is a considerable motive force to search for abundant

and inexpensive materials to expand the development of fuel cell

technology [7,8].

Transition metal-nitrogen-carbon electrocatalyst, especially Fe-

N/C material, has been widely synthesized and used to catalyze

ORR, by considering its high level in both activity and stability

[8–10]. Although a substantial progress on selectivity improvement

of four-electron reaction route has been achieved, the intrinsic

catalytic site of Fe-N/C still remains elusive. Fe-N moiety (Fe-Nx)

was identified as the primary active center for ORR, while the

metal coordination environment change normally results in dis-

crepant catalytic selectivity [11,12]. For instance, FeN4 structure

was widely proposed as the catalytic site in the previous works

[13,14]. Whereas, other studies argued that five [15] or six [16] co-
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ordinated Fe-Nx was the responsible structure to catalyze ORR.

Therefore, the responsible Fe-Nx site is still ambiguous. Under the

actual situation, other elements such as oxygen or carbon are pos-

sible to involve in coordination [17]. Getting in-depth insight into

the Fe-N/C catalyst active site identification and enrichment is then

of great significance for ORR rate improvement and fuel cell appli-

cation.

Metal-organic coordinates were favorable materials to prepare

metal-N/C catalyst. Zeolitic imidazolate frameworks-8 was used to

coordinate Fe by partial substitution of zinc ions [18]. Fe-N/C hy-

brid materials could also be fabricated via annealing Zn and Fe

bimetallic metal organic frameworks (MOFs) [19]. However, most

of previous studies utilized artificially synthesized organic frame-

works as precursors to prepare Fe-N/C ORR catalysts.

While the preparation of MOFs is complicated, the reuse of

waste biomass is much more convenient. There are a series ap-

plication of waste biomass derived catalysts in photocatalysis [20],

electrocatalytic water oxidation reaction [21], oxygen evolution

[22,23], as well as ORR catalysis [24]. Notably, naturally accessed

polyphenol structure was proposed as an outstanding candidate to

lock metal ion [25]. Our previous work also showed that cobalt

nanocomposite could be successfully fabricated by using tannic

acid as organic ligand [26]. Herein, polyphenol substance might

be used an efficient organic ligand to anchor iron ion for Fe-N/C
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preparation. Typically, as one of the popular drink around the work

[27], tea leaves are rich in polyphenol components. According to

statistics, more than 90% of tea is left as waste in the tea bever-

age industry [28]. Therefore, the reuse of tea leaves waste is wor-

thy of attention. Specifically, green tea extract acts as both reduc-

ing agent and capping agent in the synthesis of iron nanoparticles

[29], which may benefit for the Fe dispersion.

Based on the above understandings, the primary aim of this

work was to explore the feasibility of using waste tea leaves to pre-

pare Fe-Nx enriched Fe-N/C ORR catalyst. A serial of catalysts were

synthesized and their ORR performances under both alkaline and

neutral pH conditions were tested. Then, the active catalytic site

was identified via synchrotron radiation characterization. At last,

the catalyst structure-function relationship was elucidated. The re-

sult of this work may be useful for the transition metal ORR cata-

lyst development.

The schematic synthetic route of Fe-N/C catalyst was given in

Text S1 (Supporting information). All of the electrochemical tests

were conducted in a three electrode device through a CHI 760E

workstation. Detailed parameters were listed in Text S2 (Support-

ing information). The characterization tests and parameters were

provided in Text S3 (Supporting information).

Scanning electron microscopy (SEM) images show that 5%Fe-

N/C owns fine granular form, while 7.5%Fe-N/C and 10%Fe-N/C pos-

sess larger granular form (Fig. S1 in Supporting information). The

Brunauer-Emmett-Teller specific surface area tests (Fig. S2 in Sup-

porting information) revealed that 0%Fe-N/C owned the highest

surface area (695.6 m2/g), while 5%Fe-N/C (485.3 m2/g), 7.5%Fe-

N/C (370.8 m2/g), and 10%Fe-N/C (271.3 m2/g) were relatively low

(Table S2 in Supporting information). The ID band (∼1370 cm−1)

and IG band (∼1590 cm−1) of Raman spectra represent the defect

and graphitic carbon [30], and the value ID/IG can normally reflect

the defect degree of materials. As shown in Fig. S3a (Supporting

information), the ID/IG values of four catalysts were discrepant, in-

dicating the different graphitization degree of catalysts. The addi-

tion of FeCl3 had significant effect on the defects of tea derived

carbon materials, specifically, 5% FeCl3 addition of FeCl3 increased

the graphitization degree of catalysts, otherwise, 7.5% FeCl3 and

10% FeCl3 decreased it. The graphitization degree of catalysts could

influence the conductivity of the material [31]. Therefore, it may

cause the alteration of material resistance. The X-ray diffraction

(XRD) patterns (Fig. S3b in Supporting information) showed that

graphite (PDF #89–7213) was the main carbon crystal morphol-

ogy, yet, the crystallinity is poor. Also, Fe3O4 (PDF #75–0033) and

α-Fe2O3 (PDF #84–0306) were found in 5%Fe-N/C, 7.5%Fe-N/C and

10%Fe-N/C. Among them, the 5%Fe-N/C showed the highest Fe3O4

peak intensity, while the 10%Fe-N/C exhibited the strongest Fe2O3

signal. Previous study revealed that the surface graphitic layer may

prevent the acid to act on the inner metals [32], which might be

the reason of iron oxides existence after acid pickling.

To explore the distribution of surface elements, the scanning

electron microscopy-energy dispersive spectrometer (SEM-EDS) el-

emental mappings were collected (Figs. S4-S6 in Supporting infor-

mation). It can be observed that N, O, and Fe elements were evenly

distributed within materials. Inductively coupled plasma spectrom-

eter test result showed that the Fe content of three catalysts were

similar, ranging at 1.7%−2.1% (Table S3 in Supporting information).

To further explore the surface elemental structure characteristics,

the X-ray photoelectron spectroscopy (XPS) survey spectra of cata-

lysts were given in Fig. S7. The high resolution N 1s and Fe 2p XPS

spectra were then collected and resolved. As shown in Fig. 1a, N 1s

spectra of 0%Fe-N/C shows two peaks at 401 eV [8] and 399.9 eV,

representing graphitic N and pyrrolic N [33]. For 5%Fe-N/C (Fig. 1b),

there are four peaks in the N 1s spectra, i.e., 398.4 eV [8], 399.1 eV

[34], 399.9 eV and 401 eV. The peak at 399.1 eV may attribute to

the Fe-Nx species, and other three peaks attribute to pyridinic N,

pyrrolic N and graphitic N. In comparison, no Fe-Nx moiety was

found on 7.5%Fe-N/C (Fig. 1c). The peaks found on 10%Fe-N/C was

the same to that on 5%Fe-N/C (Fig. 1d) As summarized in Table S4

(Supporting information), adding FeCl3 would effectively transform

graphitic N into pyridinic N in catalysts. Fe 2p spectra proved that

addition of FeCl3 would result in Fe-species formation within the

pyrolysis products (Figs. 1e-h). Specifically, two peaks at 711.1 eV

and 724.5 eV, which were ascribed to Fe(III) in relation to the Fe-Nx

species [35,36], were observed on catalysts. The above Fe species

matched well with the N 1s XPS spectra.

The ORR activity of as-prepared catalysts was further evalu-

ated via a rotating ring-disk electrode. The LSV curves in Fig. 2a

clearly indicate that the catalyst without iron addition (0%Fe-N/C)

exhibited a poor activity in 0.1mol/L KOH electrolyte, whose lim-

iting current was 4.57mA/cm2. Iron was found to be beneficial for

the ORR activity improvement but over dosage of iron into pre-

cursor would result in a decreased performance. Among the cata-

lysts, 5%Fe-N/C showed the highest ORR activity, whose onset po-

tential (0.93V), half-wave poetical (0.84V), and limiting current

(5.75mA/cm2) were all comparable to commercial 20% Pt/C (Table

S5 in Supporting information). For electrochemical ORR, 2-electron

reaction intermediate (i.e., H2O2) formation is the main obstacle.

Fig. 1. High resolution N 1s and Fe 2p XPS spectra of 0%Fe-N/C (a, e), 5%Fe-N/C (b, f), 7.5%Fe-N/C (c, g), and 10%Fe-N/C (d, h).
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Fig. 2. ORR activity of the as-prepared Fe-N/C catalysts under 0.1mol/L KOH condition. LSV curves in which the solid lines represent the disk current and the dotted lines

represent the ring current (a), estimated H2O2 selectivity (b), and electron transfer number (c).

To measure the H2O2 accumulation level on catalyst surface, a bi-

ased potential was applied on platinum ring and the H2O2 oxida-

tion current was collected. As shown in Fig. 2a, 5%Fe-N/C showed

a comparable platinum ring current to that of Pt/C. The ring cur-

rent density of 10%Fe-N/C was about 0.40mA/cm2 (Fig. 2a, Table

S5), which was the highest. H2O2 selectivity calculation also val-

idated the above results (Fig. 2b). The estimated electron transfer

number (n) of 0%Fe-N/C, 7.5%Fe-N/C, and 10%Fe-N/C was at about

3.6, 3.5, and 3.0 in the range of 0.2–0.5V, respectively (Fig. 2c).

In comparison, the n value of 5%Fe-N/C was close to that of Pt/C,

which were all near at 4.00, certificating an excellent selectivity

of four-electron pathway. The above results clearly indicated that

adding suitable amount of iron into tea leaves were beneficial for

the four-electron ORR activity improvement while over dosage of

iron would possibly alter catalyst structure and cause performance

deterioration.

Considering the highest ORR activity of 5%Fe-N/C, additional

electrochemical tests were conducted to evaluate its stability. The

CV curve of 5%Fe-N/C in O2 saturated 0.1mol/L KOH solution

showed a clear reduction peak at about 0.76V; however, there was

no peak in N2 saturated solution (Fig. 3a), which again proved

the ORR occurrence on this catalyst [37]. To assess the stability

of 5%Fe-N/C, the LSV curves before and after 3000 cycles of CV

tests were collected. As shown in Fig. 3b and Table S6 (Support-

ing information), only a slight decline (i.e., 5.4%) of limiting current

density, from 5.75mA/cm2 to 5.44mA/cm2, was observed on 5%Fe-

Fig. 3. The electrochemical stability of 5%Fe-N/C catalyst. CV curves of catalyst in

0.1mol/L KOH electrolyte under O2 or N2 saturated condition without rotation (a),

LSV curves of materials before and after 3000 CV cycles under oxygen-saturated

electrolyte in 0.1mol/L KOH (b), i-t curves of Pt/C and 5%Fe-N/C during 0.5mol/L

methanol tolerant test with an applied potential of 0.514V (vs. RHE), where j is the

real-time current density and j0 is the initial current density (c), ORR performance

of catalysts in 0.1mol/L PBS (pH 7.0) electrolyte (d).

N/C after stability tests. Whereas, a 7.5% dropped current intensity

(decline from 5.44mA/cm2 to 5.03mA/cm2) was occurred on Pt/C.

Moreover, the onset potential of 5%Fe-N/C changed little after 3000

cycles of CV tests (from 0.93V to 0.92V). In comparison, the onset

potential of Pt/C declined from 0.93V to 0.88V. The half-wave po-

tential also exhibited the similar trend. These results indicated that

5%Fe-N/C might perform a good stability under the long run.

Pt/C is well known of being poisoned by methanol [38], as a

result, the ability to tolerate methanol is another crucial factor for

a ORR catalyst [39]. Methanol with 0.5mol/L concentration was

dosed into electrolyte at about 600 s and the i-t current curve was

recorded. Results showed that methanol caused a negeligible influ-

ence on 5%Fe-N/C performance (Fig. 3c). However, a near 60% drop

of current was observed on Pt/C after methanol addition.

Apart from in alkaline soultion, ORR activity of catalyst in ne-

tural soultion is also applicable in practice [8]. Therefore, the LSV

curves of 5%Fe-N/C and Pt/C in O2-saturated 0.1mol/L PBS (pH

7.0) were collected (Fig. 3d and Table S7 in Supporting informa-

tion). Both the onset and half wave potential of 5%Fe-N/C (0.82V

and 0.64V) were close to those of Pt/C (0.84V and 0.64V). Be-

sides, the limiting current density of 5%Fe-N/C (5.64mA/cm2) was

even higher than Pt/C (5.28mA/cm2). In comparison with other Fe-

N/C and biomass derived catalysts, the performance of our fabri-

cated Fe-N/C exhibited an outstanding performance (Tables S8-S10

in Supporting information). The above results indicated that 5%Fe-

N/C owns an excellent ORR activity in both alkaline and neutral

electrolyte.

Due to the inefficiency of XPS on characterizing catalyst fine

structure, the specific iron-nitrogen coordination was measured by

X-ray adsorption near-edge structure (XANES) and extended X-ray

adsorption fine structure (EXAFS) analysis. The Fe K-edge XANES

curves in Fig. 4a indicates that the oxidation valence state of cata-

lysts was different from Fe foil while similar to that of Fe2O3 and

Fe3O4, implying an oxidation state of iron. Fourier-transformed (FT)

is a broadly adopted information extraction method to obtain fur-

ther information of EXAFS spectra. As shown in Fig. 4b and Fig.

S8 (Supporting information), 5%Fe-N/C showed a peak at 1.41 Å

while the peaks of 7.5%Fe-N/C and 10%Fe-N/C shifted to 1.47 Å and

1.56 Å, respectively. In relation to the Fe−O bond (1.47 Å) in Fe2O3

curve, the shift of 5%Fe-N/C and 10%Fe-N/C suggests that the Fe

center was not merely coordinated with oxygen, and there may

exist Fe-Nx species within these two catalysts [40]. The above re-

sult was consistent with the XPS analysis. The coordination num-

ber of Fe and the mean bond length in 5%Fe-N/C were 6.4±1.2 Å

and 1.99±0.02 Å (Table S11 in Supporting information). According

to the fitting data, we proposed that the Fe atoms may bond with

two O atoms and four N atoms (FeN4O2), which was matched well

with the four-electron ORR activate sites in other researches [4,17].

For 10%Fe-N/C, the Fe may coordinate with four N atoms (FeN4),

which allowed to carry out the two-electron ORR route [41].

Besides the catalytic site, iron addition might also affect the cat-

alyst conductivity and charge transfer resistance. Herein, both EIS
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Fig. 4. Catalysts fine structure and electrochemical characterization. (a) Fe K-edge

XANES spectra, (b) Fourier transform of the EXAFS spectra, (c) Tafel plots of the

as-prepared catalysts, (d) EIS curves of the as-prepared catalysts.

and Tafel tests were performed. In Fig. 4c and Table S12 (Support-

ing information), as compared to other catalysts, 5%Fe-N/C showed

the lowest charge-transfer resistance (Rct, 2627 �), implying its su-

perior conductivity, which is consistent with the results of Raman

shift. Tafel slope of 5%Fe-N/C was 114mV/dec, which was the near-

est one to Pt/C among the other catalysts (Fig. 4d). Both Tafel and

EIS tests showed a same trend that adding an appropriate amount

of iron chloride can enhance the conductivity of the material, while

over dosage will lead to a substantial increase of material resis-

tance and the decrease of ORR kinetics. According to the XRD pat-

terns (Fig. S3b), the Fe3O4 peak intensity of Fe-N/C catalyst was

decreased with the rising of iron dosage. According to the previ-

ous work, the antiferromagnetic Fe3O4 was beneficial to increase

the material conductivity [42,43]. The reduction of Fe3O4 while in-

crease of non-ferromagnetic Fe2O3 might be the reason of material

charge resistance increase [44].

By dosing appropriate amount of FeCl3 into tea leaves precur-

sor, the Fe-N/C catalyst with high four-electron ORR activity was

sucessfully fabricated. The ORR activity of as-prepared 5%Fe-N/C

catalyst were all comparable to that of commercial 20% Pt/C. In

alkaline condition, 5%Fe-N/C owns a high ORR activity of onset po-

tential (0.93V), half-wave potential (0.84V), and limiting current

density (5.77mA/cm2), and in neutral media, the activity data are

0.82V, 0.64V and 5.64mA/cm2. Over-dosage of FeCl3 would result

in a declined four-electron selectivity. FeN4O2 might be the possi-

ble catalytic site for ORR. An appropriate amount of iron chloride

not only facilitated catalytic site formation, but also enhanced the

material conductivity and reaction kinetics.
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