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In the present study, the biochar produced by fast pyrolysis at 350 �C of untreated and acid-

treated cellulose are evaluated as supports of CueRu@Pt core-shell nanoparticles (2.9

e3.5 nm) for the electro-oxidation of methanol in acid media. Carbon materials and the

supported core-shell nanoparticles were characterized by physicochemical and electro-

chemical techniques. Cyclic voltammetry and chronoamperometry were used to study the

activity of the catalysts. The nanocatalyst supported onto the biochar from acid-treated

cellulose exhibited high electroactive surface area (38 m2/g) and high performance in the

methanol electro-oxidation reaction, reaching TON values of 0.151 molec. (sites s)�1 at

0.5 V. This contribution provides a new approach for the utilization of an inexpensive

carbon material precursor as cellulose to design alternative catalytic systems and their

emerging applications in electrocatalysis.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Biochar, a carbonaceous material from biomass thermo-

chemical conversion, has received increasing attention for

use in several applications [1]. The most common biochar

application is soil amendment to mitigate greenhouse gas

emission and improve soil health, although the relationship
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between biochar properties and its applicability as a soil

amendment is still not conclusive. Surface morphology,

such as pore distribution, surface area and surface func-

tionality, are key properties to effectively utilize biochar as

catalysts and adsorbents. Thus, these carbonaceous mate-

rials with high electrical conductivity, porosity and stability

can be used as an electrode material in fuel cells or super-

capacitors [2].
evier Ltd. All rights reserved.
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Various possibilities have been described for the func-

tionalization of biocharmaterials for catalytic applications [3].

Generally, the functionalization of the carbonaceous surfaces

can be directly performed in situ during the materials syn-

thesis or through a post-synthetic modification where func-

tional groups are introduced after preparing the carbonaceous

supports.

Recently, nanostructured carbon materials, such as gra-

phene nanosheets, carbon nanotubes, carbon arrays with or-

dered nanopores, between others, have been used as catalyst

support in electrocatalytic processes. However, these mate-

rials are expensive and applications are restrictive in com-

parison with commercial Vulcan XC-72, although this

material shows some limitations as low surface area, large

quantities of micropores which are not suitable for an

elevated mass transfer rate, and is susceptible to corrosion in

fuel cell operating conditions. On the other hand, biomass-

derived carbon materials are cheap and abundant, and can

be easily prepared by a vast number of processes. In addition,

high-ordered structure of carbonaceous materials providing

high surface areas and malleable porosity can be produced

from different biomass raw sources. In a previous work some

of us, concluded that pyrolysis of microcrystalline cellulose

(untreated or previously washed with acid) led to bio-oils with

relatively high concentration of valuable anhydrosugars

(mainly levoglucosan in the pyrolysis of MC and levogluco-

senone) [4]. In this process, biochars were obtained as residual

material of pyrolysis, which could be considered as supports

for catalysts.

Biochars may thus effectively replace the commercial

carbon-based catalysts in electrocatalytic applications. Major

electrocatalysis applications of these biomass-derived car-

bons include methanol electro-oxidation [5] and oxygen

reduction reaction (ORR) [6].

Methanol electro-oxidation is an electrical energy medi-

ated chemical transformation which is the fundamental basis

of direct methanol fuel cells (DMFCs). To improve the perfor-

mance of DMFCs, some factors in the catalyst are considered

such as electron conductivity, proton conductivity and mass

transport. Carbonaceous materials have been used as catalyst

supports because of their unique features such as high tem-

perature stability, good resistance to acidic and basic media,

and excellent electronic conductivity. It has been determined

that the support plays a very important role in the size and

distribution of the particles formed on its surface [7], and

diffusion kinetics of reactants as well as products [8].

Carbon supported Pt-based electrocatalysts are commonly

used in low temperature fuel cells [9,10]. Platinum is the best

catalyst for alcohol oxidation. However, the high cost of

platinum limits its use. Therefore, it is important to explore

new metal-carbon nano-composite systems with high cata-

lytic performances by searching for appropriate carbon sour-

ces and preparation methods of the catalysts. The use of

carbon materials with high surface area as catalysts support

improves catalysts performance and reduces the amounts of

catalysts and thus their cost. Over the last few years, a huge

number of new carbon materials have been developed and

tested in order to enhance the electrochemical response of

anode materials for direct methanol fuel cells. For instance,

Lazaro et al. synthesized Pt and PteRu nanoparticles
supported over carbon nanocoils [11] carbon xerogels [12,13]

and carbon nanofibers [14,15]. The authors found that PteRu

catalysts supported on nanocoils, nanofibers and xerogels

develop higher activities during methanol oxidation than the

commercial materials only when these novel carbon supports

have a high electroactive surface area, an adequate number of

oxygen functionalities and high methanol diffusion through

their pores. Habibi et al. [16] and Chen et al. [17] synthesized

carbon ceramic supported PteNi particles and expanded

graphite supported PteCo nanoparticles, respectively, and

observed significant enhancement in the electrodes perfor-

mance in comparison with Pt/C. Wang et al. [18] prepared

graphitic carbon nanocapsules with high crystallinity and

high specific surface area and used them as a promising ma-

terial support for platinum nanoparticles. This electrode

exhibited higher catalytic activity and improved stability for

methanol oxidation compared with commercial Pt/C. More-

over, graphene [19] and graphene aerogels [20] were employed

as catalyst supports for the electro-oxidation of methanol in

acid and alkaline media. The enhanced catalytic activity of

these electrodes was attributed to the highly porous structure

and the highly conjugated sp2-carbon network of graphene. A

novel mesoporous catalyst-support material of vanadium

carbide incorporated on resorcinol-formaldehyde resin car-

bon was developed by Li et al. [21]. The Pt-supported catalyst

exhibited a higher current density, more negative onset-

potential and slower degeneration rate than a commercial

Pt/C-JM catalyst for methanol electro-oxidation. The authors

concluded that the enhanced performance of the catalyst is

due to high surface area of the mesoporous material and the

synergistic effect between Pt and vanadium carbide. Jang et al.

[22] fabricated multilayered metal/carbon hybrid nano-

structures containing Pt and PteRu by combining a layer-by-

layer deposition process. They found that the carbon struc-

tures containing multilayers of highly dispersed PteRu

nanoparticles exhibit enhanced electrocatalytic activity in

methanol oxidation.

Microcrystalline cellulose is as a model reactant of

different lignocellulosic sources as agricultural residues,

sugarcane bagasse and wood pulp. In this context, the

cellulosic materials offer enormous potential to be used as a

renewable feedstock with easy availability for the manufac-

ture of cost-effective catalyst supports via fast pyrolysis. On

the other hand, the most promising strategy to prepare cost-

effective, durable and highly active catalyst with low Pt

content involves the production of multimetallic particles

with core-shell or pseudo core-shell architecture. In this

study, the biochar produced by fast pyrolysis of untreated

and acid-treated cellulose was evaluated as a carbon support

of CueRu core Pt shell nanoparticles. The supported pseudo

core-shell nanoparticles synthesized by a two-step route

were characterized by physicochemical and electrochemical

techniques. The electro-oxidation of methanol in acid media

was selected to investigate the properties of biochars as new

catalyst support. The influence of the carbon support on the

catalytic activity of the trimetallic nanoparticles was

analyzed and the catalytic performance of the as-prepared

electrodes compared to other Pt-based catalysts, with

similar or higher Pt loading supported on conventional car-

bon materials.
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Experimental

Cellulose samples

Cellulose (cotton linters) was directly purchased from Bio-

pack. In the acid impregnation, microcrystalline cellulose

(1.00 g) was treated with 5 ml of 5% (w/w) phosphoric acid

(Anedra) aqueous solutions. The acid mixture was kept at

70e80 �C under continuous magnetic stirring during 2 h. After

that, themixturewas filtered under vacuumand the cellulosic

material was dried at 40 �C under vacuum overnight.

Both cellulose materials were characterized by X-ray

diffraction (XRD) using a Philips PW1710 BASED instrument

operating at 45 kV and 30 mA, fitted with a graphite mono-

chromator in order to get Cu Ka1 radiation (l ¼ 1.5406 �A).

Crystallinity index of microcrystalline and pre-treated cellu-

lose was calculated based on the data of X-ray diffractometry

[23]. Besides, these materials were studied by Scanning Elec-

tron Microscopy (SEM) on a JEOL 100 CXII apparatus.
Pyrolysis experiments

The fast pyrolysis of cellulose was carried out in a horizontal

flow reactor under nitrogen flow of 0.06 L min�1 in a temper-

ature range of 250e500 �C. The pyrolysis unit consisted of a

feeding system, a vacuum pyrolysis system, and a condensa-

tion system, as previously described in Refs. [4,24]. Cellulose

samples (1.00 g) were crushed and sieved to obtain particles of

10e20mesh size andplaced in a slidingquartz boat,whichwas

fed into the pyrolysis furnace when temperature and vacuum

settings were reached and kept at these conditions for 20 min.

After the experiments were completed, the pyrolyzate was

extracted from the condenser with organic solvents. The yield

of the liquid and char products was calculated by the weight

difference of the condenser and the quartz boat, respectively,

before and after the experiment. The yield of gas was calcu-

lated by the difference of starting cellulose and generated

pyrolysis oil and char. All yields are informed as the average of

at least three experiments to verify the reproducibility of the

reported results.

The solid chars employed in this work were characterized

in order to determine several physicochemical properties:

crystallinity (XRD), specific surface area (BET), scanning elec-

tron microscopy (SEM), thermo-gravimetrical analysis (TGA)

and infrared spectroscopy (FT-IR). P content of biochars was

determined by ICP in a (ICP-OES) Shimadzu 9000 apparatus.

X-Ray diffraction patterns were recorded in a Panalytical

X'Pert Pro instrument (40 mV, 40 mA), using a Cu Ka

(l ¼ 1.5418 �A) radiation and graphite monochromator. The

data were collected in the 2q range: 5.0175e59.9675�, the

scanning step was 0.035�, with a scan step time of 2 s per

point. Lattice parameters and crystallite size were determined

by Rietveld analysis.

Nitrogen isotherms were determined at �196 �C using a

Nova 1200e Quantachrome instrument after degassing the

produced chars at 150 �C until outgassing was completed. BET

equation was used for surface area calculations.

TG runs were carried out with a Shimadzu DTG 60 on

samples of around 5 mg under nitrogen and synthetic air
(N2:O2 4:1) environments, using a heating rate of 10 �C min�1

from 25 to 1000 �C.
Fourier Transform Infrared (FTIR) spectroscopic analysis of

all samples was performed using a FTIR Bruker IFS 28v spec-

trometer, with a resolution of 2 cm�1 in the range of

4000e400 cm�1 by using KBr disks.

Catalyst preparation

The carbon materials derived from pyrolysis of microcrystal-

line cellulose and phosphoric acid-treated cellulose samples

were used as supports for the preparation of Cu-Ru@Pt core-

shell electrocatalysts (PRC/BMC and PRC/BTC catalysts). The

Cu-Ru@Pt core-shell nanoparticles were synthesized through

a two-step method. First, adequate amounts of the metal

salts, CuSO4 and RuCl3, were dissolved in a sodium citrate/

citric acid buffer solution (pH ¼ 3) at room temperature. After

that, 50 ml of aqueous biochar dispersion was added

(2 mg mL�1) and sonicated for 30 min. The CueRu nano-

particles supported on the carbonaceous materials were

formed by reduction of the salts with NaBH4 in a weight ratio

of 3:1 to metals under moderate stirring for 2 h and then

collected via suction filtration, washed repeatedly with bidis-

tilled water and ethanol and re-dispersed in 50 ml of bidis-

tilled water.

Finally, the Cu-Ru@Pt core-shell nanoparticles were ob-

tained by the spontaneous galvanic replacement reaction of

Cu atoms by Pt4þ ions. The reaction was conducted for 2 h by

adding a very dilute aqueous solution of H2PtCl6 to the CuRu/

biochar dispersion under vigorous magnetic stirring at room

temperature. Thereafter, core-shell catalysts supported on the

biochars were collected by suction filtration, washed with

water and ethanol and dried at 70 �C for 12 h.

Electrochemical characterization

All the electrochemical experiments were carried out in

three-compartment glass cells with a PAR 273 potentiostat/

galvanostat controlled using M270 software. The counter

electrode was a platinum wire and a saturated calomel elec-

trode (SCE, þ0.241 V vs. RHE) located in a Luggin capillary

served as the reference electrode. The working electrodes

were prepared by dispersing 20 mL of a catalyst ink over glassy

carbon rod electrodes (3 mm diameter). The catalyst ink was

made by following the procedure described in a previous

paper [25]. Electrochemical techniques such as cyclic vol-

tammetry (CV) and chronoamperometry (CA) were used to

evaluate the catalysts. An inert N2 atmosphere was main-

tained over the solution during the electrochemical tests.

Potentiodynamic experiments were conducted at a sweep

rate of 50 mV s�1 in 0.5 M H2SO4 solution. The electroactive

surface area of the supported catalysts was determined by

Cu-UPD technique, following the procedure described else-

where [26]. The electrocatalytic performance of biochar sup-

ported trimetallic nanoparticles towards methanol oxidation

(1 M MeOH) in acid media (0.5 M H2SO4) was evaluated by CV

(40 cycles) at 50 mV s�1 and potentiostatic experiments at

different potentials (0.3e0.6 V). Catalytic activities were

normalized in terms of current per unit of active surface area

and current per mass of Pt.
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Physicochemical characterization

The catalysts were characterized using Transmission Elec-

tronic Microscopes, TEM, JEOL 100CX II and JEOL JEM-2010

operated at 200 keV. The samples for TEM analysis were pre-

pared by putting a drop of the catalyst ink on a standard

copper grid. EDX analysis of the materials was performed by

an energy dispersive X-ray spectroscopy probe attached to a

scanning electron microscope (SEM, JEOL 100). The samples

were supported on mirror-polished GC disks and the analysis

was done in five different zones with the incident electron

beam energies ranging from 0.1 to 20 keV. X-ray diffracto-

grams (XRD) of the synthesizedmaterials were recorded using

a Rigaku Dmax III C diffractometer with monochromated

CuKa radiation source operated at 40 keV at a scan rate of 0.05�

s�1. Lattice parameters and crystallite size were determined

by Rietveld analysis. Moreover, the loading of the metals

deposited on the carbon substrate was determined by ICP-AES

(Shimadzu 1000 model III) analysis. The platinum loading of

the samples expressed per unit of GC geometric area was

50.5 ± 3.5 mg cm�2. The totalmetal (Ptþ Cuþ Ru) loading of the

catalysts was 11.3 ± 1.5 wt. %.
Results and discussion

Characterization of cellulose materials

Microcrystalline cellulose (from now on MC) and cellulose

impregnated with phosphoric acid (from now on TC) were

analyzed by XRD diffraction. Fig. 1 clearly shows that the

diffraction peaks of cellulose crystals were observed in both

cases. From these diffractograms the crystalline index deter-

mined for MC was 81% while a value of 69 % was obtained for

TC. Thus, for TC, it was observed that an effective reduced

number of ordered micro-regions of the cellulose polymer

increased the relative content of amorphous regions, which is

in agreement with previous studies [27,28].

The morphologic modification of MC after acid treatment

was previously investigated by SEM analysis indicating that

cellulose ribbons are clearly observed for microcrystalline
Fig. 1 e XRD patterns of microcrystalline cellulose (a) and of

acid treated cellulose (b).
cellulose together with amorphous regions [4]. After treat-

ment, cellulose material consisted of a very large amount of

agglomerates where fibers are distinctly reduced in length

compared with MC showed many terraces, steps and kinks.

This morphologic alteration can be attributed to the surface

dehydration of the polymer, which is effectively catalyzed by

the acid [29].
Fast pyrolysis of cellulose samples

Pyrolysis experiments of MC and TC were carried out at

different temperatures: 250, 300, 350, 400 and 500 �C. Con-
version of MC to products was achieved at temperatures

higher than 200 �C and the liquid fraction increased with the

increase of temperatures giving good yields (54%) at 400 �C,
while solid fraction or biochar decreased from 69% at 250 �C to

only 3 % at 500 �C (Fig. 2). Gaseous products were predominant

between 300 and 350 �C reaching 56 % at 350 �C and its for-

mation was moderate at higher temperature.

On the other hand, the treatment of cellulose with phos-

phoric acid favored the formation of biochar (25e44 %) at the

expense of liquid products (5e10 %) [4]. As in the case of py-

rolysis of MC, the gas fraction was the main product in these

experiments (52e65 %).

Biochar typically accounts for 10e80 % yields, different

chemical treatments (washing/leaching) of starting cellulosic

materials can promote the formation of biochar and volatile

compounds at the expense of bio-oils, the product distribution

is strongly dependent on the biomass type, reaction and pre-

treatment conditions [1,4,30].
Characterization of biochar

The carbonaceous solids produced in the pyrolysis of micro-

crystalline cellulose (named BMC) and acid-treated cellulose

(named BTC) at 350 �C, obtained in 6 and 40 % yield respec-

tively, were selected as supports for the preparation of Cu-

Ru@Pt core-shell electrocatalysts (PRC/BMC and PRC/BTC

catalysts). The biochars obtained at lower temperature were

disregarded mainly due to the low carbon content as well as

the high hydrogen and oxygen content, however; the
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Fig. 2 e Product yields (liquid, solid and gas) in the fast

pyrolysis of microcrystalline cellulose (MC) and acid-

treated cellulose (TC).
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Fig. 4 e FT-IR spectra of biochars: (a) BMC and (b) BTC.
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carbonaceous materials obtained at 350 �C displayed high

carbon content (Table 1), which is desirable for the catalyst

supports required for the electro-oxidation reaction here

studied. In addition, the phosphoric acid treatment of starting

cellulose resulted in a carbon enhanced solidwith low content

of O and traces of remaining P. On the other hand, analyses of

biochars were conducted by running adsorption isotherms of

adsorptionedesorption of N2 at �196 �C, calculating the BET

surface area, and measuring pore volume and size (Table 1).

BMC displayed relatively small BET surface area indicating

that only a fewnumber of poreswere generatedduring the fast

pyrolysis because of the incomplete pyrolysis of cellulose, low

temperature and the entrapment of tar-like materials within

the pores. Biochar obtained from pyrolysis of TC showed a BET

surface areahigher than the biochar generated in the reactions

ofMC.This increase inBETsurfacearea canbeattributed to the

effect of phosphoric acid in the dehydration of the starting

biopolymer which produced pores and less ordered micro-

regions in the final solid. It is known that chemical acid acti-

vation of cellulosic materials promotes the release of volatile

compounds due to dehydration, thus the decrease of crystal

structure caused by the acid facilitated the enlargement of the

existing pores and the generation of new ones [31]. Average

pore diameter of biocharswas 3.0 and 2.4 nm, for BMCandBTC

respectively. Most of the generated pores in BTC had smaller

size than BMC although BTC displayed a high total pore vol-

ume. Regarding pore size distribution, it was observed that for

both biochars a small fraction (1e3 %) of the pores showed

sizes of mesopores. Thus both BMC and BTC should be

considered mainly as microporous materials.

The XRD patterns of biochars showed two broad diffraction

peaks corresponding to the characteristics peaks of carbon

(Fig. 3). The strongest peak located at 2q¼ 20e30 � is attributed
to the amorphous carbon structure while the weaker diffrac-

tion peak at around 2q ¼ 40e50 � is assigned to the reflection

from graphite [32]. Graphitic structures are commonly

observed in biochars obtained from pyrolysis carried out at

temperatures much higher (700e900 �C) than the one

employed in the present study (350 �C). However; traditionally

lignocellulosic biomass is employed for obtaining biochars at

high temperatures. The starting material (microcrystalline

cellulose) could originate low amount of graphite even at

relatively low pyrolysis temperature, since the absence of

lignin strongly modifies the thermal lability of the sample.

FT-IR spectra obtained with biochars BMC and BTC are

presented in Fig. 4. For BMC (Fig. 4a), the broad band at

3234e3551 cm�1 was associatedwithOeH stretching vibration

mode of hydroxyl functional groups of alcohols, acids and

phenols. It can be observed a broad and weak peak at

2990e2820 cm�1 corresponding to aliphatic and aromatic
Table 1 e Physicochemical properties of biochars

Samples S BET

(m2 g�1)
VTPore

(cm3 g�1)
Dpore

(nm)
C

(wt.

BMC 199 0.0264 3.0 58.

BTC 557 0.22 2.4 70.

a Calculated by difference taking into account the ash content.
b Not detected.
asymmetric CeH and symmetric CeH stretching bands. The

bands between 1000 and 1750 cm�1 showed the presence of

oxygen containing functional groups. For example, the band at

1707 cm�1 was ascribed to C]O vibrations in carbonyl groups

and the broad bands at 1165 and 1061 cm�1 can be assigned to

the CeO stretching vibrations that indicates the presence of

aromatic alcohols and/or ethers. The strong absorption bands

between1640and1580cm�1 canbeassigned toC]Cvibrations

present in olefinic vibrations in aromatic region. As compared

to BMC (Fig. 4a) and BTC (Fig. 4b), main FT-IR bands presented

similar frequency absorption and intensity.

These results showed that there was no significant differ-

ence in the surface functional groups between biochar derived

from pure cellulose and acid-treated cellulose.
%)
H

(wt. %)
N

(wt. %)
Oa

(wt. %)
P

(wt. %)

42 2.88 0.07 36.13 NDb

56 3.54 0.13 23.66 0.21

http://dx.doi.org/10.1016/j.ijhydene.2016.04.041
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Table 2 e Biochar composition based on temperature of
mass loss.

Sample Interval
of integration �C

Weight
loss %

Mass
loss (mg)a

Products

BMC 20e100 10 0.52 H2O

350e600 88 4.69 CO2eCO

BTC 50e200 20 1.20 H2O

450e750 75 4.46 CO2eCO

a Initial mass for BMC: 5.28 mg and BTC: 5.95 mg.
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TGA and DTG data demonstrate a continuous mass loss

associated with increasing temperature (Fig. 5), which was

attributed to the breaking of chemical linkages and removal of

volatile products from both biochars. There were two possible

steps of mass loss occurring in BMCwith significant mass loss

phases at 50e150 �C and 380e600 �C (Fig. 5a), mainly due to

decomposition of oxygen containing functional groups (H2O,

CO2 and CO, Table 2).

The carbonization process of this biochar was completed

around 600 �C since all oxygen containing groups were elim-

inated from biochar at this temperature. TGA results of BTC

(Fig. 5b) were not significantly different fromBMC. The highest

mass loss (75 wt. %) occurred from 450 �C, which was about

13 wt. % lower than that of BMC at similar temperature range.

In this case it was observed two step of mass loss at high

temperature, one at 450e650 �C and other at 680e750 �C. For
this material the carbonization was completed at 750 �C, at
higher temperatures that BMC. These results would indicate a

thermal stabilization in the biochar originated from acid-

treated cellulose, which induce a delayed carbonization of

the material [33].

Biochar supported CueRu@Pt catalysts

Physicochemical characterization
Table 3 shows the atomic ratios determined by EDX, the

average diameter of the nanoparticles (dp), as well as the
Fig. 5 e TG-DTG analysis of (a) BMC and (b) BTC.
specific surface area of both catalysts. According to these re-

sults the composition of the trimetallic core-shell system de-

pends on the presence of functional oxygenated groups and

surface defects (i.e. terraces, steps and kinks). Similar results

have been reported elsewhere [13,34,35]. As wasmentioned in

a previous report, the interface is strongly distorted when the

carbonaceous material is activated and this surface modifi-

cation can change the real potential of the electrode, modi-

fying the conditions for ruthenium and copper deposition [34].

In other words, the activation process leads to a change in the

work function of the carbonaceous material which in turns

influences the catalyst precursorsesupport interaction.

Fig. 6 shows the TEM micrographies of the core-shell

nanoparticles supported on biochar carbons and their

respective histograms of particle size distribution. The anal-

ysis indicated that the nanoparticles are nearly spherical with

diameters in the range of 2e5 nm. The nanoparticles of PRC/

BMC have a mean particle size of 3.5 ± 0.7 nm, while the

nanoparticles observed in the TEM image of PRC/BTC catalyst

have a mean diameter of 2.9 ± 0.5 nm. Some agglomerates of

about 15 nm can be observed in the micrographies and both

catalysts exhibit narrow particle size distributions.

The electroactive surface area (ESA) of the PRC/BTC was in

the order of 38 m2 g�1, while the ESA value of PRC/BMC was

about half of that corresponding for PRC/BTC. As can be noted

from the above results, the phosphoric acid activation of the

biochar carbon material has an important influence on par-

ticle size and on dispersion, since the presence of surface

defects enhances the adsorption of the catalyst precursors. In

other words, the structural defects (i.e., terraces, steps and

kinks) behave as nucleation centers or anchoring sites for

particle formation [13,34]. Due to the fact that BTC shows a

much larger specific surface area than BMC, the concentration

of such defects is higher for the former than for the latter

biochar. Thus, BTC promotes the dispersion of the catalyst

precursor in a higher extend than BMC does.

Fig. 7 presents the X-ray diffraction patterns of the as-

synthesized electrode materials. The diffractograms exhibit

the characteristic peaks of the face-centered cubic (fcc) lattice

structure of Pt, but the peaks appear shifted towards higher

Bragg angles with respect to pure Pt, suggesting alloying be-

tween Pt, Cu and Ru. The (111), (200) and (220) reflections of

platinum are located at 2q values of 40.24 �, 46.13 � and 69.33 �

for PRC/BMC (with d-spacings of 0.2240, 0.1966 and 0.1354 nm),

and 40.43 �, 47.06 � and 68.72 � for PRC/BTC catalyst (with d-

spacings of 0.2229, 0.1929 and 0.1365 nm). Such slight shift to

higher 2q angles could have to do with the difference in

composition between PRC/BTC and PRC/BMC catalysts.

http://dx.doi.org/10.1016/j.ijhydene.2016.04.041
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Table 3 e Composition and characteristic parameters of Cu-Ru@Pt catalysts.

Catalyst/
Biochar

Pta (at.%) Rua (at.%) Cua (at.%) Pt:Ru
Ratio

dp
b

(nm)
ESAc

(m2gPt
�1)

dc
d

(nm)
afcc
(nm)

PRC/BMC 46.8 32.3 20.9 1.45 3.5 16.7 2.9 0.3844

PRC/BTC 43.1 41.9 15.0 1.03 2.9 37.6 2.6 0.3861

a Atomic composition from EDX analysis (±1.7 at.%).
b Mean particle size from TEM.
c Electroactive surface area per unit mass (±2.0 m2 g�1).
d Crystallite size estimated using Scherrer's equation.

Fig. 6 e TEM images and histograms of particle size distribution of PRC/BTC (a) and (b) and PRC/BMC (c) and (d).

Fig. 7 e XRD patterns of Cu-Ru@Pt nanoparticles supported

on the biochar materials.
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Furthermore, no peaks indicating the presence of either hcp Ru

phase, fcc Cu phase or ruthenium and cupper oxides are

observed.

The crystallite size (dc) calculated from the (111) and (220)

reflections of Pt according to Scherrer's formula [36] and the

lattice parameters of the samples are included in Table 3. The

XRD results agree reasonably well with those determined

from TEM analysis. Moreover, the lattice parameter shows the

extent of lattice contraction arising from the replacement of

the smaller Cu and Ru atoms for the bigger Pt atoms. Besides,

the lattice strain of the CueRu rich core in the Pt rich shell can

also contribute to the change in the lattice parameter.

The latter could indicate that the CueRu rich core nano-

particles were surrounded by a platinum rich shell (i.e.,

pseudo core-shell structure), in accordance with our previous

results [24,37]. This structure is the consequence of the

spontaneous inter-diffusion between the different metal

atoms forming the small nanoparticles after the partial

galvanic replacement reaction. The presence of vacancy

http://dx.doi.org/10.1016/j.ijhydene.2016.04.041
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Fig. 9 e Cyclic voltammograms for the electro-oxidation of

methanol in a 1 M CH3OH/0.5 M H2SO4 solution at the

different biochar supported catalysts. n ¼ 50 mV s¡1.
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defects at the interface between the CueRu core and the

platinum shell may cause the alloying process [38].

Electrochemical characterization
The cyclic voltammograms of the biochar supported Cu-

Ru@Pt catalysts in 0.5 M H2SO4 solution are shown in Fig. 8.

The potentiodynamic curves do not show the presence of

anodic/cathodic peaks related to Cu dissolution from the

carbon supported trimetallic catalysts, suggesting that the

CueRu core is completely encapsulated by at least an uniform

Pt monolayer. This behavior is very similar to those obtained

for other nanostructured Cu rich core Pt rich shell trimetallic

electrodes reported in a previous paper [37]. Moreover, the

potential region between �0.25 and 0.0 V shows the charac-

teristic feature of the bimetallic PteRu catalysts, with a no

well resolved hydrogen region aswell as a cathodicwave at ca.

0.0 V associated with the reversible adsorption of OH species

on Ru atoms [25]. This result is consistent with the results of

the XRD analysis.

On the other hand, the figure also shows that the charge of

the double-layer in the CV curve of PRC/BTC electrode is about

four times higher than that of PRC/BMC. This difference can be

explaining in terms of the better textural properties of BTC.

The acid treatment of microcrystalline cellulose led to the

development of extensive porosity within the carbonmaterial

structure. Such observations are confirmed by the calculated

BET surface area and pore volume values (see Table 1).

Methanol electro-oxidation
Fig. 9 presents the cyclic voltammograms for methanol

electro-oxidation at the as-prepared PRC/BMC and PRC/BTC

electrodes at room temperature. For PRC/BTC electrode the

onset for methanol electro-oxidation seems to take place at

0.27 V, while the onset potential is shifted to 0.38 V for PRC/

BMC electrode. The electrocatalytic activity of PRC/BTC is four

times higher than that of PRC/BMC in the potential region

between 0.3 and 0.5 V but for potentials near the peak this

difference is diminished by about 25 %. The peak current

densities of methanol oxidation were 228 mA mg�1
Fig. 8 e Cyclic voltammetry curves of Cu-Ru@Pt/BTC and

Cu-Ru@Pt/BMC electrodes in 0.5 M H2SO4 solution at room

temperature. Sweep rate 50 mV s¡1.
(0.61 mA cm�2) and 71 mA mg�1 (0.42 mA cm�2) on the tri-

metallic catalysts supported over BTC and BMC, respectively.

It can be noted that the enhanced electrocatalytic activity and

the lower onset potential of the trimetallic nanoparticles

supported on BTC is strongly associated with the high specific

surface area and concomitantly with the high amount of

surface defects that are present on the surface of this biochar

carbon support, which in turn allows a smaller average par-

ticle size and a better distribution of the core-shell nano-

particles over this biochar support.

Taking into account the microporous nature of the cata-

lysts, diffusional mass limitation could play a role in the

electro-oxidation reaction. Taking into account that the pores

are larger for BMC than for BTC, it should be expected that if

diffusion limitations ever take place, they would be higher for

BTC (with smaller pores) than for BMC. With this in mind, the

conclusion that TON value was much higher for BTC than for

BMC (one order of magnitude for 0.5 V and more than three

times higher for 0.4 V, see Table 4) stands in spite of the

appearance of mass transfer limitation in BTC.

Potentiostatic experiments at different potentials were

also carried out in order to assess the stability and poisoning

rate of the biochar supported catalysts. Fig. 10a shows the

chronoamperometric curves of the electrode materials at

0.4 V, and Fig. 10b compiles the electrocatalytic activities per

milligram of Pt and per cm2 of electrochemical area at

different potentials. It can be observed that the catalytic ac-

tivity of methanol oxidation for both electrodes increases up

to 0.5 V and then falls off as a consequence of the accumula-

tion of strongly adsorbed intermediates on the catalyst sur-

face [39]. In this case, the catalytic activity of PRC/BTC is 5, 9

and 12 times higher than that of PRC/BMC at 0.3 V, 0.4 V and

0.5 V, respectively. The discrepancy between the results of

cyclic voltammetry and chronoamperometric experiments

may be attributed to significant differences in the extent of

COad accumulation on the PRC/BMC sample.

On the other hand, the catalytic activity of PRC/BTC is

compared with the activity of a commercial PteRu/C catalyst

mailto:Cu-Ru@Pt/BTC
mailto:Cu-Ru@Pt/BMC
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Table 4 e Poisoning rate and turnover number of PRC/BMC and PRC/BTC electrodes for MOR at different potentials.

Catalyst/Biochar 0.4 V 0.5 V

d TON d TON

% s�1 molec. site�1 s�1 % s�1 molec. site�1 s�1

PRC/BMC 0.044 0.021 0.048 0.029

PRC/BTC 0.024 0.079 0.026 0.151
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reported in our previous report (20 wt. % Pt þ 10 wt. % Ru,

dp¼ 2.9 nm and ESA¼ 60.3m2 g�1) [37]. The catalytic activity of

the as-prepared catalyst is 9 and 3 times compared with the

commercial system at 0.4 V and 0.5 V, respectively. This dif-

ference could be explained in termsof the electronic and strain

effect that appears when the nanoparticles have a core-shell

structure as well as the changes in the d-band of the Pt-rich

shell caused by their interaction with the highly defective

surface of the biochar carbon support.We ascribe the superior

catalytic performance of PRC/BTC electrode mainly to the

pseudo core-shell structure of the nanoparticles. According to

theoretical analysis and experimental studies the compressive

strain in the shell and the ligand effects caused by the atomic

vicinity of two dissimilar metal atoms induces a downward

shift of the d-band of Pt and pull more of the anti-bonding

states below the Fermi level, which results in increasing

occupation and weaker adsorbate bonding [40e42]. Goto et al.

[41] concluded that Ru cores electronically modify surface Pt

atoms to weaken PteCO bonding on Ru@Pt nanoparticles.

While Strasser et al. [40] found that the compressive strain

rather than ligand effects is responsible for the exceptional

reactivity of Cu@Pt nanoparticles. Chen et al. [43] indicated

that the enhanced electroactivity for methanol oxidation of

Ru@Pt can be attributed to the compressive strain caused by

the lattice mismatch between the Pt shell and the Ru core.

In order to complete the information on the performance

of the trimetallic catalysts supported over the biochar car-

bons, the poisoning rate and the turnover number have been

calculated. The poisoning rate was determined according to

Equation (1) [44]:

d ¼ 100
I0

�
dI
dt

�
t>500 s

(1)

where (dI/dt)t>500 is the slope of the linear part of the cur-

rentetime curve (A s�1) and I0 is the current determined from

the intercept of the regression line with the y-axis (A).
Fig. 10 e Current-time curves at 0.4 V (a) and catalytic activities

the electroactive surface area (b) for PRC/BTC and PRC/BMC in a
Furthermore, the turnover number (TON) was determined

according to the following expression [45]:

TON

�
molecules

site s

�
¼ j NA

n F 1:3x1015
(2)

where, NA and F have their usual meaning, j is the current

density measured at 900 s (A cm�2), n is the number of elec-

trons generated when one methanol molecule is oxidized to

CO2 and 1.30 � 1015 is the number of surface platinum atoms

taking part in the alcohol oxidation reaction [46].

The values of the poisoning rate and the turnover num-

ber for the methanol oxidation reaction at 0.4 and 0.5 V are

collected in Table 4. It can be observed that the poisoning

rate of the pseudo core-shell nanoparticles is reduced by

half when the biochar support is activated with phosphoric

acid. Moreover, the poisoning rate remains almost constant

when the potential is increased. The latter behavior agrees

well with the results reported elsewhere [24]. On the other

hand, the turnover number of PRC/BTC is between 4 and 5

times higher than that of PRC/BMC. It is interesting to note

that the improvement of the TON parameter with the

applied potential is more noticeable in the trimetallic cata-

lyst supported on the biochar-BTC. The TON value is twice

as high as that at 0.4 V for PRC/BTC, while it only increases

by about 14 % with the applied potential for PRC/BMC.

Overall, the as-synthesized PRC/BTC electrode is able to

catalyze the oxidation of methanol more efficiently than

PRC/BMC. The faster turnover rate and the higher poisoning

tolerance of the biochar-TC supported Cu-Ru@Pt nano-

particles can be satisfactorily explained in terms of the high

amount of structural defects at the surface of this carbon

that facilitates the oxidation of the poisoning species

strongly adsorbed at the surface of the core-shell nano-

particles, either by providing OHad species (i.e., bifunctional

mechanism) or by modifying the surface electronic structure

of platinum [34,47,48].
at different potentials normalized with the Pt loading and

1 M CH3OH þ 0.5 M H2SO4 solution.
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The electrocatalytic performance obtained for the biochar

BTC supported trimetallic Cu-Ru@Pt material is promising

when compared to several electrocatalysts, with similar or

higher Pt loading, supported over conventional carbon mate-

rials reported in the literature such as carbon nanotube

buckypapers [35], carbon xerogels [49], mesoporous carbons

[50e54], carbon nanofibers [55] and carbon black [56]. For

instance, Su et al. [52e54] prepared and characterized Pt and

PteRu nanoparticles supported on different porous N-doped

carbon materials. They reported catalytic activities between

250 and 350 A mg�1 for catalysts with 40 wt. % Pt and carbon

supports with BET surface areas of about 1200 m2 g�1. Mean-

while, Sebasti�an et al. [55] reported peak current densities in

the range of 200e250mAmg�1 for catalysts with Pt loadings of

20 wt. % and carbon nanofibers with BET areas between 120

and 185 m2 g�1. While Calder�on et al. reported catalytic ac-

tivities between 100 and 300 mA mg�1 for PteRu catalysts

(20 wt. %) supported over carbon xerogels of BET surface areas

of around 600e750 m2 g�1 [13,14].

Moreover our electrocatalyst is also very competitive

when compared with platinum catalysts supported over

other biomass based carbon materials. Zhou et al. [57] syn-

thesized a mesoporous carbon (ODC) with a BET surface area

of 840 m2 g�1 from okara pulp (a byproduct from soymilk

and tofu production) and used it as support of Pt nano-

particles. The authors reported a peak current density of

294 mA mg�1 for the Pt/OCD catalyst made of nanoparticles

having an average size equal to 3 nm, an ESA of 58.2 m2 g�1

and 20 wt. % Pt loading. While Fang et al. [58] prepared

porous carbon spheres (BET surface area ¼ 2440 m2 g�1) from

pectin as support materials for Pt electrocatalysts. They re-

ported a peak current density of 450 mA mg�1 and a catalytic

activity of 50 mA mg�1 at 0.65 V vs. SCE with a catalyst made

of Pt nanowires of 3 nm in diameter and 50 nm in length, a

specific surface area of 55.6 m2 g�1 and c.a. 23 wt. % Pt

loading.
Conclusions

Carbonaceous materials easily produced from the fast pyrol-

ysis of cellulosewere efficiently used as catalyst support in the

electro-oxidation of methanol.

CueRu@Pt nanoparticles were supported on two different

biochars, BMC and BTC, BMC produced from pyrolysis of

microcrystalline cellulose while BTC was obtained from py-

rolysis of acid-treated cellulose. The electrocatalytic behavior

observed for BTC supported trimetallic catalyst is promising

when compared to other electrocatalysts, with similar or

higher Pt loading using conventional carbon material

supports.

The present study confirms that the biochar derived from

acid-impregnated cellulose is a promising support material

for direct methanol fuel cells (DMFCs). These results

encourage us to evaluate the performance of other biochars,

especially those deriving from cellulosic biomass feedstock, in

order to generate high-value products from wastes.
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