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ABSTRACT: Spent coffee grounds, which represents the vast solid residual matter generated from consumed coffee beans, requires

proper reutilization. This work represents the production of an alternate material from spent coffee grounds to replace expensive

metal based catalysts currently used as electrodes in fuel cells. A novel microwave assisted technique which is easy, rapid, and eco-

nomical is utilized for the synthesis of Phosphorous, Nitrogen co-doped carbon (PNDC) from spent coffee grounds and ammonium

polyphosphate. SEM analysis revealed that PNDC is composed of distinct, spherical shaped particles. PNDC has a BET surface area of

�507 m2 g21 and is predominantly mesoporous. XPS reveals that PNDC contains about 1.90% N and 3.02% P besides C and O.

PNDC exhibits good O2 reduction response in 0.1M KOH, which was found to be comparable to that of 20% Pt/C. VC 2015 Wiley Peri-

odicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41948.
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INTRODUCTION

Today, coffee is one of the most widely consumed beverages all

over the world. According to the “International Coffee Organ-

ization,” the production of coffee for the year 2008, accounted

to about 680,000,000 tons.1 Every year, the production contin-

ues to increase to keep pace with the growing consumer

demands. Proportionately, spent coffee grounds (the solid resi-

due left after treating coffee grounds with hot water) generation,

tends to increase. Taking into consideration the enormous

amounts of wastes generated from coffee making, a greater

threshold exists to dispose them off efficiently. Spent coffee

grounds are mainly being utilized for the production of biodie-

sel and fuel pellets.2 They are also being used for making inex-

pensive and cheap adsorbents for the removal of dyes, lead ions

etc. from waste waters.3,4

Different kinds of nitrogen precursors have been utilized to achieve

nitrogen doping in carbon which include ethylenediamine,5,6 dia-

minopropane,7 cyanamide,8 dicyandiamide,9 ionic liquids,5 etc.

But, these sources of nitrogen are deemed toxic to humans. There-

fore, a very high threshold exists to find an alternate inexpensive,

green nitrogen precursor for the synthesis of nitrogen doped meso-

porous carbon. Spent coffee grounds are an excellent green source

of N. Coffee grounds contain about 2.56% N and 51.31% C with a

C to N ratio of about 24 : 1.10,11 Therefore, we decided to utilize

spent coffee grounds as an inexpensive, green, abundant precursor

for preparing Phosphorous, Nitrogen co-doped carbon (PNDC).

Ammonium polyphosphate, which is a good microwave absorber

was used as the dehydrating agent and also serves as a source for N

(besides spent coffee grounds) and P dopants.

Heteroatom doped carbons find a wide array of applications

including energy storage and conversion,12–15 electrocatalysis,16,17

sensors,18–20 and electronics.21–23 The current study is the use of

novel heteroatom doped carbon produced from spent coffee

grounds as fuel cell electrodes. Fuel cells are considered to be

promising alternative energy sources because of their high effi-

ciency, cleanliness, and flexibility for different applications.24–29

The efficiency of a fuel cell strongly depends upon the oxygen

reduction reaction (ORR) at the cathode.30 Several catalysts are

available for ORR at cathode. Pt and its alloys are considered as

the best ORR catalysts known so far. However, the high cost and

scarcity of Pt, solubility and agglomeration problems associated

with Pt, render these fuel cells commercially unviable.31–34

Recently, hetero-atom doped carbons such as carbon spheres,

ordered mesoporous graphitic arrays, carbon nanotubes, and

This article was published online on 23 January 2015. An error was subsequently identified. This notice is included in the online
and print versions to indicate that both have been corrected 31 Jan 2015.

VC 2015 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4194841948 (1 of 8)

http://www.materialsviews.com/


ordered mesoporous carbon29,35–41 are gaining increasing atten-

tion as ORR catalysts. These carbon based catalysts are relatively

inexpensive, environmentally friendly and exhibit superior elec-

trochemical performance.42–47 Among these carbon based cata-

lysts, doped mesoporous carbon could be most suited for ORR

applications in fuel cells owing to their uniform porous structure,

large specific pore volume and a high specific surface area.48,49

Different techniques have been reported to be useful in the syn-

thesis of doped carbon materials. Chemical vapor deposition,50–52

arc discharge,53 thermal annealing,54,55 and plasma methods16 etc.

are some techniques, to name a few. But, these methods employ

complicated procedures utilizing either toxic gases or expensive

instruments, are low yielding and are expensive.56–58 Therefore,

an interesting challenge lies to find a facile method for the synthe-

sis of doped carbon materials. Recently, microwave-assisted syn-

thesis has been shown to be viable for the synthesis of carbon

based materials because it is rapid, can attain high temperatures

in a short time, does not require any inert or reducing gases dur-

ing synthesis and is environmental friendly.58–63 A detailed

description of microwave radiation and the treatment process has

been described elsewhere by one of our co-authors.64–66

In this article, the synthesis and characterization of PNDC from

spent coffee grounds is reported. The synthesized PNDC exhib-

ited characteristics conducive for good ORR performance in

alkaline conditions. Besides these applications, PNDC from cof-

fee grounds may also be useful for environmental remediation

related applications like organic dye degradation and removal of

pollutants like phosphorous, arsenic, etc. from polluted waters.

EXPERIMENTAL

Materials

Spent coffee grounds were obtained from a local coffee shop.

Ammonium polyphosphate was obtained from JLS Chemicals,

China. Twenty percent Pt/C was purchased from Clean Fuel

Cell Energy, LLC. All the chemicals obtained were of analytical

grade and were utilized without further purification.

Synthesis of PNDC from Spent Coffee Grounds

A 1.0 g sample of dried and powdered spent coffee grounds

were blended very well with 0.40 g of ammonium polyphos-

phate in a mortar and pestle. The mixture was subsequently

exposed to microwave radiation in a boron nitride crucible with

a similar cap in a muffle using a commercial table top micro-

wave operating at 1.25 kW and 2.45 GHz for 30 min. The prod-

uct was allowed to cool. The recovered product weighed

0.17 6 0.05 g and was powdered using a mortar and pestle. The

synthesized material was found to be conductive.

Characterization of PNDC

Physical and chemical characteristics of the synthesized doped

carbon materials were studied by different characterization tech-

niques. Surface morphology was evaluated by JEOL 7000F Scan-

ning Electron Microscopy. Thermo K-alpha X-ray Photoelectron

Figure 1. Scanning electron microscopic images of PNDC at (a) 320,000 magnification and (b) 350,000 magnification.

Figure 2. Raman spectrum of PNDC.
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Spectrometer (Source: Al Ka radiation, 1486 eV, 12 kV, spot

size: 200 lm, and carbon internal standard at 285.0 eV) was

utilized to understand the nature and extent of doping in

PNDC. Micromeritics Surface Area Analyzer ASAP-2020 was

utilized to understand the surface area and pore characteristics

of PNDC by nitrogen (N2) sorption on powder samples at a

bath temperature of 77.3 K. Horiba Jobin Yvon LabRam 800

equipped with 633 nm He-Ne laser was used to record Raman

spectrum of PNDC.

Electrochemical Methods

All cyclic voltammetric studies were performed using AFCBP1

bipotentiostat from Pine Instrument Company using a three

electrode system at a scan rate of 100 mV s21. For rotating disk

electrode (RDE) and rotating ring disk electrode (RRDE) stud-

ies performed at a scan rate of 20 mV s21 and 50 mV s21,

respectively between a potential range of 2800 and 200 mV, a

MSRX electrode rotator from Pine Instrument Company was

used in conjugation with the AFCBP1 bipotentiostat. All elec-

trochemical studies were performed in a freshly prepared 0.1M

KOH electrolytic solution using Hg/HgO as the reference elec-

trode and Pt wire as the counter electrode. A glassy carbon elec-

trode (5 mm diameter and 0.196 cm2 geometric area) in

polytetrafluoroethylene holder was chosen as the working

Figure 3. The survey spectrum of PNDC showing the presence of different

elements.

Table I. Surface Elemental Composition of PNDC Determined Using XPS

Carbon
% (1s)

Oxygen
% (O1s)

Nitrogen
% (N1s)

Phosphorous
% (P2p)

78.90 16.00 1.90 3.02

Figure 4. The fitted XPS peaks of PNDC. (a) The fitted peaks of N, (b) the fitted peaks of P, (c) the fitted peaks of C, and (d) the fitted peaks of O.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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electrode. For ORR studies, the electrolyte was purged with O2

for at least 30 min prior to the measurements and continuous

O2 flow above the electrolyte was maintained to create an O2

blanket. The glassy carbon electrode was cleaned several times

using distilled water followed by polishing the surface using

0.05 lm alumina. A 10 mL of 1 mg mL21 suspension of PNDC

from spent coffee grounds was prepared by sonication for 60

min. To 0.5 mL of this dispersion, 20 lL of nafion was added

and sonicated for 10 min. A 20 lL of the resulting dispersion

was drop-casted onto glassy carbon electrode, air dried, and this

PNDC modified glassy carbon electrode was utilized as working

electrode for electrochemical studies. Similarly, for comparison,

a 10 mL of 1 mg mL21 suspension of 20% Pt/C in ethanol was

prepared by sonication for 1 h. To 0.5 mL of the prepared sus-

pension, 20 lL Nafion was added and sonicated for 10 min. A

20 lL of prepared suspension was utilized to prepare Pt/C

modified glassy carbon electrode in a similar manner reported

earlier.

RESULTS AND DISCUSSION

Scanning Electron Microscopy

Scanning Electron Microscopic (SEM) images were recorded to

understand the morphology (size and shape) of the material.

SEM images at different magnifications can be seen in Figure 1.

Clear spherical shaped particles are formed which are inter-

spersed in the carbon matrix. Size of the particles ranges from

100 nm to a few hundred nanometers.

Raman Spectroscopy

Figure 2 shows the Raman spectrum of PNDC from spent cof-

fee grounds. The Raman spectrum shows two prominent peaks,

one at 1298 cm21 and the other at 1590 cm21. The peak at

1298 cm21 represents the D band or the disordered band and

the peak at 1590 cm21 represents the G band or the graphitic

band. The D-band is indicative of the breathing mode of the

sp2 rings of the graphene layer that is related to a series of

defects as a result of heteroatom doping, whereas the G-band is

the result of the in-plane bond-stretching motion of pairs of sp2

C-atoms.67–69 The ratio of intensities of the D band and the G

band is 1.16, which is indicative of the extent of disordered car-

bon in PNDC.

X-ray Photoelectron Spectroscopy (XPS)

The survey spectrum of PNDC synthesized from spent coffee

grounds is shown in Figure 3. The synthesized material is pre-

dominantly C and O with small amounts of N and P. The sur-

face elemental composition is listed in Table I.

Figure 4 shows the fitted spectra of N, P, C, and O in PNDC.

The fitted spectrum of N [Figure 4(a)] shows the presence of

three different N bonding environments namely N1 (pyridinic;

atomic % 10.73), N2 (pyrrolic/quarternary; atomic % 76.42),

and N3 (pyridinic N-oxide; atomic % 12.84).70–72 The deconvo-

luted spectrum of P [Figure 4(b)] shows four bonding environ-

ments namely P1, P2, P3, and P4. Only P1 and P2 are

predominant, which are assigned to PAO (atomic % 32.52) and

PAC (atomic % 49.81) bonding environments, respec-

tively.71,73,74 The fitted spectrum of C [Figure 4(c)] shows three

main peaks C1, C2, and C3 conforming to graphitic/sp2 C

(atomic % 35.71), CAO/C@N (atomic % 18.20) and C@O

(atomic % 29.03) bonding environments respectively.56,57,72,73 O

exists predominantly as O@C (atomic % 84.85) as seen in Fig-

ure 4(d).16,70 The XPS analysis results are critical in understand-

ing the characteristics of PNDC and correlating it to its

performance. The results from the fitting of the peaks including

peak binding energies, atomic % are summarized in Table II.

Brunauer-Emmett-Teller (BET) Analysis

The surface area of PNDC synthesized from spent coffee

grounds was determined to be 506.91 m2 g21 by BET method.

On the basis of the BET results, PNDC can be classified as pre-

dominantly mesoporous, along with some micropores. BET

analysis results are summarized in Table III.

The N2 adsorption–desorption plot of PNDC can be seen in

Figure 5. PNDC exhibits a Type IV isotherm according to

IUPAC classification.75 The material exhibits a characteristic

monolayer-multilayer adsorption. The inflection point A, sepa-

rates monolayer adsorption at lower relative pressures (P/Po)

from multilayer adsorption at higher relative pressures (P/Po).

Table II. The Results from Peak Fitting Analysis of PNDC

Peaks
Peak
BE (eV)

Atomic
(%) Peaks

Peak
BE (eV)

Atomic
(%) Peaks

Peak
BE (eV)

Atomic
(%) Peaks

Peak
BE (eV)

Atomic
(%)

C1 284.7 35.7 N1 398.3 10.7 P1 133.9 32.5 O1 530.83 6.2

C2 285.3 18.2 N2 400.9 76.4 P2 134.3 49.8 O2 532.67 84.9

C3 286.0 29.0 N3 404.8 12.8 P3 137.0 11.2 O3 536.29 8.9

C4 289.3 10.6 P4 139.6 6.5

C5 292.4 5.6

Table III. Summary of BET Analysis Results

Sample

BET
surface area
(m2 g21)

Micropore
volume
(cm3 g21)

Mesopore
volume
(cm3 g21)

Total pore
volume
(cm3 g21)

Average
pore
width (Å)

Average pore
diameter (Å)

PNDC 506.9 0.06 0.26 0.32 25.3 35.4
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The hysteresis loop observed can be described as a Type H4

according to IUPAC classification.75,76 Type H4 loop is associ-

ated with narrow slit-like pores.

Electrochemical Performance

The typical voltammograms displaying the O2 reduction per-

formance of PNDC in 0.1M KOH versus Hg/HgO reference

electrode at a scan rate of 100 mV s21 can be seen in Figure 6.

A clear sharp O2 reduction peak can be seen at 20.379 V. The

shape of the cyclic voltammogram appears to be perfectly rec-

tangular exhibiting high current density. However, no such

reduction peak could be observed in the absence of O2 (the

electrolyte being purged with N2 to ensure the absence of O2

in this case) as seen in Figure 6. This signifies the enormous

potential of PNDC in reducing O2. Also, the O2 reduction per-

formance of PNDC was compared to commercial 20% Pt/C, as

seen in Figure 7. A 20% Pt/C exhibits an onset reduction

potential of 20.09 V whereas PNDC exhibits an onset reduc-

tion potential of 20.17 V with current density close to that of

20% Pt/C. This signifies that PNDC synthesized from spent

coffee grounds exhibits O2 reduction performance comparable

to commercial 20% Pt/C.

RDE studies were performed in O2 saturated 0.1M KOH at a

scan rate of 20 mV s21 to investigate the mechanism of O2

reduction (a 4 e2 or a 2 e2 process) by PNDC. The RDE curves

generated at different rotation speeds of 100, 400, 900, 1600,

2500 and 3600 rpm can be seen in Figure 8. Koutecky-Levich

(K-L) equation73,77,78 helps in calculating the number of elec-

trons involved in the O2 reduction process based on RDE

curves. The K-L equation is as follows:

1=jlim5 1=jlev1 1=jk

where jlim, jlev, and jk are the measured current density, Levich

(or diffusion) current density and the kinetic current density,

Figure 5. N2 adsorption–desorption isotherm of PNDC.

Figure 6. Cyclic voltammograms of PNDC in O2 saturated and N2 satu-

rated 0.1M KOH at a scan rate of 100 mV s21. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. Linear sweep voltammograms of PNDC and 20% Pt/C in O2

saturated 0.1M KOH at a rotation speed of 1600 rpm. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 8. RDE studies of PNDC in O2 saturated 0.1M KOH at different

rotation speeds. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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respectively. Jlev can be computed as 0.620 nFCD2/3x1/2V21/6

where, n is the number of electrons involved in the process, F is

the Faraday constant (F 5 96485 C mol21), C is the bulk con-

centration of O2 (C 5 2.4 3 1024 M at 22�C), D is the diffu-

sion coefficient of O2 in water at 22�C (D 5 1.7 3 1025 cm2

s21), V is the kinematic viscosity of the electrolyte at 22�C
(V 5 0.01 cm2 s21), and x is the angular velocity of the elec-

trode (x 5 2pN, where N is the linear rotation speed).

A reciprocal of the square root of the angular rotation speed is

plotted against the reciprocal of current density (calculated

from the current generated at a particular point along each RDE

curve) to yield a K-L plot for PNDC. Similar K-L plots were

constructed for a theoretical 2 e2 based O2 reduction process

and a 4 e2 based O2 reduction process for comparison. The

resulting plots yielded straight lines with a slope [1/(0.620

nFCD2/3V21/6)] and an intercept (1/jk). The n value can be cal-

culated from the slope of the straight line. All the K-L plots can

be seen in Figure 9. The value of n for PNDC was determined to

be 3.5, which is close to the theoretically proposed value of 4.

RRDE studies were performed in O2 saturated 0.1M KOH solu-

tion at a rotation speed of 2500 rpm, scan rate of 50 mV s21

and a voltage of 0.8 V. The RRDE voltammogram of PNDC can

be seen in Figure 10. An almost zero ring current indicating no

possible generation of HO2
2 intermediate species79,80 can be

seen from Figure 10. Also, a very prominent disk current gener-

ation can be seen. This further confirms the mechanism of O2

reduction by PNDC to be a 4 e2 mediated process as indicated

by the RDE results. The number of electrons involved in the

ORR can also be computed from the RRDE studies based on

the following equation:

n 5 4ID= ID1IR=Nð Þ

where n is the number of electrons involved in the reduction

process, ID is the disk current, IR is the ring current, and N is

the collection efficiency of the electrode. On the basis of the

results from RDE and RRDE studies, the overall mechanism of

O2 reduction by PNDC can be summarized as follows:

O2 1 2 H2O 1 4e2 ! 4OH2

The high potential of PNDC synthesized from spent coffee

grounds towards ORR can be attributed to the combined effect

due to its high surface area, good porosity and appropriate

amount of dopants. High surface area allows more of the reac-

tive sites in PNDC to come in contact with the analyte moieties

(O2) and high porosity allows the analyte moieties to diffuse

through the pores of the material and gain access to the reactive

sites. The presence of N in PNDC renders adjacent C atoms

electron deficient by virtue of its electronegativity and hence

make adjacent C atoms as reactive sites towards ORR. Also, the

dopant atoms like P being less electronegative than C, them-

selves act as harbor sites for O2.74,81–85

To investigate the ability of PNDC to endure through long-term

fuel cell applications, electrochemical stability studies were per-

formed in O2 saturated 0.1M KOH at 100 mV s21. Figure 11

shows the cyclic voltammograms of PNDC before and after the

generation of continuous 2000 cycles. The O2 reduction

Figure 10. RRDE plot of PNDC in O2 saturated 0.1M KOH at rotation

speed of 2500 rpm. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 11. Cyclic voltammograms recorded before and after 2000 cycles to

test the electrochemical stability of PNDC in O2 saturated 0.1M KOH at

100 mV s21. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 9. K–L plots of PNDC, theoretical 2 electron and 4 electron O2

reduction processes. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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performance of PNDC even after 2000 cycles is comparable to

the performance during first cycle as only a very little loss in

ORR activity could be observed over time.

CONCLUSIONS

A novel renewable resource based material has been synthesized

from spent coffee grounds. A robust microwave assisted method

is made use of in the synthesis to yield a novel, economical,

heteroatom-doped product (PNDC).

Some clear spherical shaped particles are formed from the car-

bon matrix ranging from 100 nm to a few hundred nanometers

as evidenced by SEM. BET revealed the material to be highly

porous with a surface area of 506.91 m2 g21. Raman spectros-

copy indicates the presence of D-band and G-band respectively

at 1298 and 1590 cm21 with ID/IG ratio for PNDC greater than

1. XPS analysis reveals the presence of N, P, C, and O at 1.90%,

3.02%, 16.00%, and 78.90%, respectively.

PNDC exhibits an intense O2 reduction peak in 0.1M KOH at

20.379 V and shows a high current density. The onset reduc-

tion potential and current density are comparable to commer-

cial 20% Pt/C. The mechanism of O2 reduction was found to

be a 4 e2 mediated process by RDE studies and no significant

ring current was observed from RRDE studies in 0.1M KOH.

The material was discovered to be highly stable for long-term

practical fuel cell applications based on the electrochemical sta-

bility studies performed in 0.1M KOH. Thus, a potential means

of successfully transforming an abundant daily waste (spent cof-

fee grounds) to a commercially viable material (electrodes in

fuel cells) has been demonstrated.
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