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Abstract. This rcscarch stodicd the pessibility of converting watcr byacinth biomass inio the porous ooo-
procions oxygen roduction reaction (ORR) cloctrocatalyst nsing a simple, low cost and scalablc meogendc
prossunc method. The clocmocatabyst was prepancd by thormally anncaling water hyacinth root containcd
Zell; at T00°C wndar autogonic prossurc ceaditens. The phasc of the catalyst was the minturc of carbea
aod motal oxide. In addition, rough surfacc morphelegy and high perosity woc cloarly obsorrcd using
scanning cloctren micrescope. The synthesizod catalyst was thon dotcrmined the ORE performance by
cyclic volmmmetry (V) mnd liocar swecp veltammetry (LSV) tochmigques undar O satomtcd EOH
solution. The ORR porformancs increasod as the catalyst loading was increascod and the optimam catalyst
loading was found to be 1.5 megicm® which geocratcd the Eowes and Exz valoc of 0.93 ¥ and 0.80 W v
RHE, rzpoctivcly. Furthenmers, the Eiz value of the synthesizod catabyst was 230 and 130 mV geaso
than the catalyst synthesized withowt Zoll: and commercial carbon (VXC-T2R). ORR durability stody
sugpestcd that the proparcd catalyst was durable to cpematc ORR for 2000 oyclez in alkaline media. Thezc
activc and cerahblec biomas= dorived ORR cloccmocaralyse
1 Introduction (ORR) by pgaining clectrons i the presence of water
producing OH- ion [1].

Alkaline electrolyte fiuel cellz (AEFC=) are an highly
efficient slectrochemical devices that comvert chemical
foel of bydrogen (Hz) and oxygen (Og) directdy into
elecirical energy  with  absohately envwiroomnental
friendlinezz, becanse only water and heat ars generated
az by-products [1]. The main compopent responzible for
the performance and durability of AEFC technology iz
membrane slecrode azsembly (MEA), which comprizes
of an allkaline slectrolyte membrane zandwiched betwesn
anode and cathode catabyzt layers [1].

In AFFC, H; iz fied inbo the anode elscirode and
undesgoes slectrochemical bydrogen oxidation reaction
(HOFR) by comcuming bydroxide jon: (OHY) of an
electrolyiz, generating slectrons and water as by product.
On the other hand, O; supplied to the cathode electrode
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Thermpdynamically, the perfformanes of 2 zingle
AFEFC cell pmazt be constant af a potential of 1.23 WV [1].
However, a practical zingle AEFC cell geperates
potential lesz than 1.23 W owing to thres overpotential
loszes which ars activation, ohmic and masz fransport
overpotentials [1]. Activation overpotential iz mainly a
rezult of the zloggizh kinefic of the elecirochemical HOR
and ORE. at the anode and cathode clectrodes and it
represents the main major loszez of AEFC [1].
Elzctrochemical HOR iz minimal overpot=ntial lozzes
(lzzz than 20 mV) doring foel cell operation. On the
other hand, electrochemical ORER  exhibitz  large
overpotential typically betwresn 300 and 600 mV [2].
The high value of cathodic ORR overpotential swongly
rezulis o lowering the overall efficiency of the AEFC:=.

In order to decrease the overpotential of the ORE,
subatantial amount of catalystzs iz peed o boost up ORR
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performanee in allmline media. So far, the most highby
active ORR catalyst iz the precious platioom
nanopanticle supporied on cathon (P'C) [2]. However,
thiz catalyst has a mamber of disadvantages, such as high
cost, poor durability, suzceptibility to gas poizoning and
lezz  abundance. These dowbacks are the majoc
limitationz to the sucessefil commercislization of
AEFC: technology [2]. Thus, a nowel high-performance
ORR cathode catalyst iz eczential to subzidize cozt and
enhance the AFFC performance and durability [3—6].
Becently, rezearcher succseded in lowering the valoe
of ORR owerpotential by carsfil dezign atomdc Pt Az a
pzzult, the Pt content significantly reduced from 2.0
mgiem® o 0.134 mglom?® in foel cell [§]. Purher
diminizhing Pt coobent, nevertheless, lead to declining
the Pt elecirocatalyst durability [§]. In addifion, the Pt
price iz contimpously increazing due to lesz abundant Pt
rezourcs and high Pt demand from other applications [§].
For thiz reazon, development of highly active, durable
non-precions  Pi-free OBR electrocatalyst iz highly
dezirable to puzh the commercialization of AEFCs

technology.

Currently, mtrodwetion of hetsroatoma (=g,
nittogen, boron, phosphomz, solfur) into carbon
framework are highly promizing candidates o replace Pt
catalyst due to their low cost, tunable marface chemistoy,
heteroatoms dopants, nitregen () that iz similar zize and
a lrit higher electropegativity value than carbon, haz been
the most widely iovestigated az the efficient dopant to
catalyze ORK [7].

Substintion of nitrogen atom into carbon framevoork
(M-C) indueez the charge of carbon afoms next fo the
doped pitrogen atom to be a zlightly positive [E]. The
pozitive charge of carbon afomes resuliz in an active site
for the diatomic oxygen melsculs adsomption which
draztically diminizh OFRR overpotential walpe [B]. In thiz
regardz, various types of independent W-C catabysts hawve
besn zmdied az a poszible replacement for Pt inchuding
graphens, CWTs, mezoporous carbon and nanoparticle
caribon [7].

An emcellent example of N-C elecoocatalyzt haz been
dezoribed by Gong of al [¥] The nirogen-doped vertically
aligned carbon nanotubes (VA-MCWNTE) elsctrocataly=t
waz prepared by thermal aonealling of iron (1)
phthalocyanine wunder WH, ammosphers [9]. The
electrochemical ORE  performance of WVA-NCHNT
o the noble Pr'C cambyst. In addition, the VA-NCHT:=
catalyst was mmach more durable and stable to the OO
poizening and the methanol crozseeer az compared o the
precious Pr'C elecirocatalyat [P]. Despite the outztanding
OEER electrocatalytic activity and durability of M-CHNT
catabyztz, the fabrication procezs iz relatively complicats,
high cost, low yield and difficolt to scale up. Moreoser,
the precursor iz also expensive. For thiz reason,
mimesrous efforiz have besn devoied o develop a zimple,
cost offective and zcalable process o symthesize W-C
electrocatalyst.

Biomazz, mamural abundant, cost effective, renswable
reources, has besn a promising raw  material for
fabricating the highly active nitrogen doped porous

carbon namoctrscoore elsctrocatlyze. Water hreacinth s
nitrogen-rich biomass because it contains several types
of amino acid and it can abzorh the nifrogen compound
in the water reservodir [10].

Liuw et al. [10] cooverted water hyacioth info M-C
clectrocatalyst by thermally anmealing the dried wmater
byacinth miwed ZnCl, at 600 — BODFC under MNp
atmozphere. The electrochemical ORR catabytic activity
of samples waz then inveatigated in O;-samrated 0,184
EOH slectrolbyte solution. The catalyst prepared at 700°C
exhibited the beat ORE performanee. In addition, the
OER performance of the water hyacinth derived catabpzt
synthesized at 700°C wasz comparabls to the preciouns
Pt'C electrocatalyst Omn the other band, the prepared
clectrocatalyst was more durabls and muoch more stable
to the poizon methanol than the precious PrC [10].

Wang of al. [11] succesded in preparing highly active
and dorable M-C electocatalyst derived from pomelo
peel biomass. The highly porous electrocatalyst was
the zatrated hyperzaline coptaining WalCl ZnCl; and
Fells zolution. The hyperzaline treated zamples wmere
accordingly pyrolyzed under ammonia atmnzphers. The
OFRR elecirocatalytic activity of the prepared catalyst
wiaz 30 mV more active than the state-of-the-ant PoiC
catalyst. In addition, the byperzaline freated catalyat
exhibited higher stability and more tolecats to methanol
Crozsover as compared to the noble Pt'C catakyst [11].

Furthermore, other biomazz waste inchiding coconut
shell, bagasse, zovbean have also been convened into
OER non-precious elecirocatalyat by caleination of the
biomasz precursor contained activating agent af high
temperars undsr insrt and'or ammenis atrmoephers [12-
14]. Aeccording to the preparation proceduor:  of
cooverting biomazs into WN-C' electrocatalyat, inert gas
Heat treatment biomaz: under inent atmosphers may
rezult in  incomplste  decompozition carbopaceons
compounds leading 1o high ORR overpotential

In thiz report, we aimed o comvert niwegen rich
water bhyacinth biomasz intp the pon-preciouz ORE
hyacioth derived catabyst with high posozity wasz
therrmally zynthesized wiing awtegenic prezsure method
at high tempersture withoot uwzing amy inert gas and
ammonia atmocphere. The parameters affected ORR
activity of the preparsd catalyst under alkaline media
were meazured using rotating disk electrode  (RDE)
apalyziz. The obtainsd ORE activity was comparsd o
that of the ORR performance of the noble Pt cambyst
The novelty of thiz rezearch waz the synmthesiz and
electrochemical ORE perfonmance under allaline media
of the water hyacinth catalyst synthezized uzing an
mitopenic prezmrs  condition which haz oot besn
reported to0 date. Compared to catalyst prepared by
referemee [10], the catabpst in thiz stedy was preparsd
from water byacinth root withowt uzing any inert gas at
high temperammre. while, the catalyst obtained in reference
[10] derived from weater bvacindh trunk and thermally
annzaled in prezence of inent afmosphers.
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2 Materials and methods

2.1 Preparation of electrocatalysts

The protcin rich water hyacioth root was perfectly
cleaned uzing large quantity of DI water and dried at
80°C ovemight The dried sample was then grinded inm
amall pieces and then the ground zample waz phyzically
imp the high pressors cell and close tightdy with the
caps. The cell waz then thenmally heated at the
temperamare of T0PC under ambisnt stmosphers. The
activating agept contmined in bheated sample  was
eliminated by dizzolving the heated zampls in 0.5 M
H:50, zobotion for 8 br at B0°C. The black zolid poander
sample waz obtained after being washed and dried af
20°C. To compare the effect of poroaity, water hyacinth
wasz prepared the zame procedure except ZnCl; waz not
inchaded. The zamples preparsd with ZoCl; and without
ZnC); were named WHCE-Zn and WHCE, reapectively.

2.2 Physical characterizations
Fizld-emizzion zeanning el=ctron microacope (FE-SEM,
Hirachi 5-4B00I[) with an aceelerated woltage of 3 EV
waz employed o investigated the morphology of
samples. Please note that the sample was coated with
osminm befors SEM apalyziz. The crysfal struchare of
samples was iovestigaied naing powder X-ray difftaction
(XBD, PANanalytical-Empyrean) using Ko radiation
and generation voltage of 40 EV. Thermal stabilicy of
sample waz svaluated uzing thermal gravimetric analyaiz
(TGA).

2.3 Electrochemical charactarizations

Catalyst ink wasz preparsd by ulirazonic mixing catalyst
powder, DI-veater, 5% Nafion and Izopropyl aleohaol
followared the litersture [15]. A working slectrode oz
preparsd by dropping cafalyst ink on the surface of a
clean glazzy carbon and left it doy under ambisnt
electrods waz 0.5 mg'om® while the amount of reference
sample which iz PtC was 60 pg'em?®. Working elsctrode
was then assembled into an slectrochemical cell where
Pt wire uzed az a counter electrode and zaturated calomel
electrods (SCE) used as reference clectrods wers also
conmected. The ORR catalytic activity waz evaluated
under Oy-zamrated 0.1 B EOH solution nzing rofating
dizk slectrode (RDE) and cyelic voltametry techmigoe
(Pine inztrument) with sean rate of 10 mWiz. RDE and
CV experiments were repeatedly imeestigated at least 3
times.

3 Results and discussion

Fig la reprezsnted TGA thermogram of root, leaves and
tmunk of watsr hyacinth zample under W; atmospher=. It
waz found that all zamples exhibited thees zfages of
weight losz ie debydration (100°C), hemicellloze
decomposition (290°C) and cellalose decompesition (370°C).

The main compozition of biomaz: wasz hemicellulose,
cellhaloss and lignin The mol=cular strecture of cellolose
and hemicelloloze was a simple sugar monomer which
eazily decomposed into light organic compouond at a
temperatare lower than 450°C. Lignin waz a high
mecular weight ypdrophobic polymer comprizing of
various functional group confining aromatic stouciure of
carbon. In the beat treatment process, lipnin undersrent
decompozing slowly in a whole range of tempersmore
groups. The residoe at temperamore of 700°C of root,
leaves and trank of water hyacinth waz 55%, 25% and
22%3, respectively. The amount of rezidus obtainsd from
oot was twice time: larger than lesves and tnmk. The
high rezidoe valoe suggested high carbon comoversion
yvield. Thuos, thiz research would liks to utilize wrater
hyacioth root to fabricate the ORR clectrocatalyst. This
waz dons by thermally heating the ground wmater
hyacioth root mixed ZnCl; under awtogenic presure
conditions. ZnCl; was uwzed 2z activating agent o
generate pores and it waz chemically removed wzing 0.5
M H:50. The obfained catalyst was then ineestigated
phase analyaiz nzing XBD technigue and the remalt was
dizplayed in Fig. lb. The phsze of catalyst was the
mixture of carbon and metal oxidesz The formation of
carbon was booadly observed at 28 of 25 and 43 degree,
corresponding to graphitic C{002) and C{100) mrbostatic
carbon structure [15]. In addition, various types of metal
oxidez, such az Sid;, MgO, Cal, were alzo detected in
the XRD pattern. The observed zeweral types of metal
oxidez in the catalyst was doe fo the accumnlation of
inorganic compounds by water hyacinth root, leading to
metal oxide after pyrolyzia. Fig. le and 1d illustrated the
morphology of catalyst viznalized by SEM technigoe.
Low magnification SEM image revealed the mod and

partick=s marphologies (Fig lo)
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Fig. 1. (o} TOA thermogram of root, leawe and trunk of watcr
hyacinth wndcr M; stmosphere, (b) XRD pattcorm of wabcr
byacinth root heated at 700 *C for 1 h undcr autogonic pocssurc
conditbons, SEBM imoges of WHCR-Zn catmlyst (g} low
magnification and (d) kigh mognification

In addition, uneven surface and porous smocture wers

obzerved in the high magmification SEM image (Fig. 1d).
Furthermore, the clemental nitvogen content was also
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verified uzing SEM elemental mapping analysiz. The
nitrogen cont=nt incorporated iobo catalyst wasz 304
atomic%. It waz reported that nitrogen was able to
effectively bind to carbon with three configurations:
pyridipic-liks, pyrolic-like and prophite-like [135].
However, the precisely ORR active szite haz zo far =till
debated. But pyridinic and graphitic were intenziveby
accepied az the major OBR active zites. It zhould be
highlighted that hear treatment of water hyacinth oot
contzined FnClh at TO0C under amogenic poessure
condition: resulted i the decompozition of moizrs,
cellulose and hemi-cellnlose, leading to the formation of
carbon. Om the other hand ZoCl, waz buoried in the
surface of zample and the cmbedded ZoClh  was
completely eliminated by bhot acid =solution, lesving
porpus  stroctors. Inm addition, mitrogen atom was
efficienily doped iobo carbon framewors at thizs pyrolyzis

Mext, the WCHR-Zn catalyst waz clectrochemically
evaluated the ORR catalytic activity in an Jp-zafurated
EDOH zolution at zean rate of 10 mWViz uzing cyclic
voltammetry (CV) and linear sweep voltammetry (LEV)
techmiquesz. OV wvoltammogram  of wvariouz catalyst
contents were thermodiymamically active for catalyzing
OER in alkaline media (Fig. 2a). To estimaie the ORRE
kinctic, catalysts were conducted rotating dizk electrode
(RDE) experiments under alkaline condition at a rotation
speed of L6 rpm and the resultz were showed in Fig
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Fig: 1. DRR pelarization curves of various contcots of WHCR-
swocp voltnmmogram (LEV) ot rotting spocd of 1600 rpm (<)
DH.H.pulnm:unnmnd.l.ﬁ:tntmhumrpﬂ:dnfm
Zn catalyst with contcot of 1.5 mecm® and it
Ematccloy-Levich plots (df in Op-cafomeed 0.1 M EOH
colution.

The LIV polarization curve (Fig. 2b) indicated omzst
potential (B}, balf-wave potential (E,x) and steady
stage current diffosion E... valoe increazed az catabyst
comterst was inepeassd. Thiz waz mainky due to the
increment of the oomber of active zite whers more
axygen molecules wrere able to adzork and conseguently
facilitating the OFRE i alkaline media On the other
hand large amount of catalyzt on BDE electrode alzo led

to large value of BE,n. Howsever, the more comtent of
catalyst wazs loaded on an eleciwode resulted in thick
catabyst layer which hindersd the ascceszibility of an
oxygen molecule to be  electrochemical reduction
reaction inbo water. Thus, the optinmm loading of WHCER-
Zn catalyst waz 1.5 mgient®. Fig 2o illustrated the LIV
plot at rotation speed of 400 — 2000 rpm of the optinmm.
WHCR-Zn cafalyat in an Or-zanarated KOH zolotion. It
was found that cwrrent densiny increazed as the rotation
speed was increazed due to the shontening fhex-diffuzion.
Fig. 2d shows the Eoutecloy-Levich (E-L) plotz derived
from the L5V plot (Fig Zc) and thiz plot indicat=d good
linzarity and parallelizsm ower all the potential range,
suggesting the first order reaction kinetics for the ORR
[16]. The eleciron transzfer number of the zynthesized
water hyacimth root catalyst calcolated at 0.5 WV wa:s
found to be 3.6, indicating the catalyst pozseszed a direct
four clectrom  frapzfer. Fig  3a  compared CV
volammogram of WHCE-Zn caflyst with that of
WHCE, commercial carhon (WHC-TIR) and the nobles
Pt/C electrocatalystz in alkaline zolution. The B of
WHCR-Zn catalyst waz clearly more pozitive than
WHCE and WVXC-TIR catalystz, cuggeating mors
thermodypamically active than WHCER apd VXC-T2R
catalystz. However, B of WHCR-Zn catalyst was
mare onegative 3z compared fo the exponzive POC
catabyst. In order to visualize ORR kinetic reaction of
various catalyaiz, LSV experiment was performed in
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Fiz. 3. OBB peladzation curves of WHCR-Zn, WHCE,
commercial  carben  (VEC-TIE) amd the moble Pl
clecmocatalysts by {a) oyclic woltammogram and (b} lincar
swoap  voltommogram  (LSV) et 1600 pm  {c) iz
coarrcspending Evz potcotial and (d) accclozated durability oot
far 5000 cycles of WHCR-Zn cloctrocatalyst in Or-satorascd
0.1 M EOH colution.

Orzamrrated KOH zoloton at rotating speed of 1600 mpm
and 3 result was depicted in Fig. 3b and Fig. 3c. The
Eaez value of WHCR-Zn, WHCE, VEC-TIR and Pr'C
catalystz waz 093, 0.86, 0.8 and 1.0 V vz RHE,
reapectively. The WHCE-Zn catalyst exhibited 170 and
150 mV more positive Egn: valoe than that of the
WHCE, VXC-TIR catalyatz. The more positive Eoo
valee indicated lezz overpotential to catalyze OBRR in
alkaline media. On the other hand, the valoe of Ey; of
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WHCE-Zn, WHCE, VEC-TIE and Pr'C catalystz was
020, 0.57, 067 and 0.84 ¥V v=. EHE. The E,; value of
WHCE-Zn catalyst waz 230, 130 mV greater than that of
WHCE and VEHC-TIE cafalyzitz The higher Eowm= amd
Eyz valoe of WHCR-Zn catalyst over WHCE wa:s
mainly atiribuated to the higher porosity as well az high
urface area of WHCRER-Zn catalyst againzt WHCER. The
higher porozity and surface arsa resubied in more catlbyst
active aite, vielding exczllent ORE performancs. On the
other hand the greater Eose: and Bz value of WHCE-Zn
catalyst againet the commercial VEC-TIE waz a remlt
of the presence of W incorporated into the carbon
framevrork a= oell as the formation of metal oxide which
generated the OBRR active zite, facilitating excellent ORE
catalytic activity tovward VEC-TIR. However, the Eopn
and Evz value of WHCE-Zn catalyst wers 70 and 40 mv
lowrer than that of the ztate of the ant Pr'C ocatalyst In
arder to determine the effectivensss of the electrocatalyst
preparation method, we comparsd the Eyn of WHCRE-Zn
catalyst with that of the biomazs derived electrocatalyzt
(cocomot shell [12], sovbean [13], bagazze [14]) which
was prepared by thermally annesling at high temperaiore
noder inert gaz and ammonis atmocphers. It waz found
that the E,; wvalue of elecirocamlyst derived from
cocomit zhell, zoybean and bagazse wazs found o be
078, 0.74 and 0.76 V vz RHE, rezpectively [12-14]. The
WHCR-Zn electrocamalyst exhibited ouiperfoom ORR
perfomuanc: pelative to biomass elecoocatalyst mynthesized
by cooventional method These el muggested that the
novel mmogenetic prezmure method waz effective 1w
prepare highly  active  biomazz  derived ORR
electrocatalyzt. Fig. 3d represented the accelerated
durability test for 5000 cpeles of WHCR-Zo catalyst in
Oo-zamrated KOH zohition at scan rate of 50 mWs. The B,
value of WHCR-Zn catalyst before and afier 5000
cycling durability test was negative shift with a valoe of
10 mW. It was reporied that the E,» value of PUC
catalyzt afier 5000 cycling durability fest iz 30 mV
negative shift [16]. Theze results suggeated the surface
of WHCR-Zn catalyst waz moindiimed —without
degradation after 5000 cyeling tezt. Howewer, the drastic
degradation of the preciouz Pt'C cataly=t waz mainly due
i the aggregation of Pt menoparticle on the sorface of
carbon zupport leading fo lower the aetive ares.
Furth=rmors, Pt dizzolution and carbon oxidation during
accelerated durability test were alzo contributed to the
PviC degradation [16). The high ORE camlbtc
performanc: az excellent as durability of biomasz derive
elecirocatalyst could gensrate a promizing solution o
all=viate the emvironmental zzue as well as global vanming.

4 Conclusion

We demonstrated the cooverzion of water hyvacioth
biomazzs inte ORE electrocatalyst by thermally heating

the zample contained ZoCl under an antogenic presure
method The prepared sample sxhibited high porosity as
well 2= high W content incorporated in to carbon and
metal oxids stmuctors. The greater porocity and I
functional group resulted in high ORE catalytic activity
in alkaline zolution. The optimom catalyst loading was
found to be 1.5 mgiem?® In comparizon to the catalyst
prepared withowt ZoClk and comumercial carbon (VHC-
TIR), the mymthesived catalyst exhibited excellens ORR
performance m alkaline mediz. In addifion, the preparsd
catalyst showed highly ztable cycling ==t for 5000
cveles with negligible ORR activicy lozs.

This rcecarch was fonded by Foculty of Scicooc, Encrgy and
Eoviromment, King Mooghut's University of Techoology
HMerth Banglook (Rayong campus). Coatract no. SciEE-001/EX
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