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Abstract

Hydrogen which isa renewable and sustainable form of endogyeplace fossil fuels has bebas been
attracted great interestecause ofclean emission and high conversion efficienciés. make water
electrolyzermore profitable and economical, the selection of electrodes having low overpotentials, low
cost and stable with well electrocatalytic activity is requidedthis study, CuO nanostructures were
fabricatedby chemical techniques. The morphologies andctiras of CuO nanostructures wetadied

in detail by FESEM, BET, and XRD. Three different morphologies &uO (Nanorod, nanoflake and
nanoeflower nanostructuresiere synthesizedThe contact angle measurements were carried out to state
the surface properties of the synthesized matef#ls.@thodic polarizationppen circuit potentialime
measurementsimpedance measurements albtt-Schottky analysis were carried out in 1M KOH
solution to determine the electrocatalytic performance of electrodes in hydrogen formation reaction
Besidesenergy consumption efficiencies of electrodes for alkaline electrolysis were investigated.
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1. INTRODUCTION eartlts crust, easy to prepare, low cost and low
environmental toxicity. e formation of these
The energy requiremerih the world is increasing oxides depends on the conditions under which
rapidly. The supply of energy requirement oxidation occurs. Metallic copper, CuO and,Ou
without polluting the environment forms the basidiave different crystal structures. The easy
of the study subjectsn this context, it is accepted reduction of CuO to GO and the high stability of
that the most advanced technology is the hydrogéprO arebecausehat the oxygen bond energy
energy system. Hydrogen energy does not threatéit:O is much higher than that of CuO. However,
human and environmental health. Hydrogen can BeuO has higher solar absorption than,Qu
obtained from fossil fuels such as coal and naturdlecause it has a smaller bandgap of 1.51&Y.
gas, as well as from water and biomass. An ideal
energy fuéshould be easily and safely transportedOpper is used in solar panels, magnetic storage,
anywhere, the energy loss during transport shouRl€ctronic devices, catalyand gas sensors due to
be little or no, it should be stored, inexhaustibleltS unique thermal, magnetic, optical and catalytic
sak, very light, carbotree and economicalln prope_rties. It is _of particular impor_tance in the
this context hydrogen can be considered as a Clea?.,ec_tncalelectronlcs mdus_try, espe_C|aIIy because
energy source that can replace fossil fuels witl 'S 10w cost. The interest in nassale

zero carbon emission, recyclability and highStrUCtures is increasing day bgay with the

energy capacity [1,2]. Techniques such as expansion of the usage areas. Studies show that

. . . metal nanomaterials have superior electronic,
electrolysis, photocatalysis and thermolysis aanagnetic optical, chemical and catalytic
commonly used for hydrogen production. ; i

) ot ) properties depending on their size, shape, surface
Photoelectrochemicadells are being investigated components and atomic arrangement on the

extensively not only because they enable thgface. CuO memstructures such as thiim
electrolysis of water by utilizing solar energy, butyanoparticles, nanowires, nanorods, nanoscreens,
also by separating the hydrogen formation reactiofanomembranes and microflores can be
(HER) and oxygen formation reaction (OER)synthesized using direct thermal oxidation of
mechanisms,  thereby  enabling Kiketi copper plates and hydrothermal meth§hig). On
investigations of each half cell reaction. Varioushe other hand, a very small group succeeded in the
semiconductors have been promising for theynthesis of CuO nanotube using expensive and
production of hydrogen by photoelectrochemicatomplex methods basedn anodic aluminum
separation of water due to their leteym chemical oxide membrane templat¢18], hydrothermal
stability and high electron efficiency[3-5]. treatment of Cu(OR)and direct thermal oxidation
Generally, stype semiconductors such as J{8], of copper. CuO nanostructures are thought to be
WO; [6], FeOs [7], BiVO, [8] and AgPO, [9] are  active in photocatalytic reduction of water.

more positive than the valence band region

H,O/O, redox pair. They can be used as In the present studyCuO nanostructures were
photoandes for the reaction. On the other hand,synthesized bythe chemical technique. The
p-type semiconductors whose conductor band edgeorphologies  and  structures  of ~ CuO
is more positive than #D/H, potential can be used nanostructuresvere characterized in detail by FE
as photocathodes for HEMO] For examp|e, SEM, BET, and XRD. Cathodic polarization,
p-Galnk [11], pInP [12], pWSe[13], p-Si [14], impedance measurements and Msthottky
p-CdS [15], and ptype copper oxides have beenanalysis werecarried ot in 1M KOH solution to
investigated as  possible  candidates fopttain information about the electrocatalytic
photocathode in water electrolysismong these activity of electrodes in hydrogen formation
p-type semiconductors, cupric oxides ¢Ouand reaction.Also, energy consumption efficiencies of
CuO) are great interest due to its wide absorptioplectrodes — for  alkaline  electrolysis ~ were
band in the visible area, high availability in thelnvestigated.
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2. MATERIALS AND METHODS determine the crystal phases of the samplés
manual optical tensiometer (KSV Attension
2.1. Materials ThetaLite TL 101) was employed to examine the

water contact angle of the surface of the samples,
Copper foils withthe thickness of 0.5 mm (99.9% Uusing the sessile drop method. the Vickers
purity) were used at all the experimentshardness of electrodes were measured by
Ammonium  persulfate  ((NB,S,05, 98%), Shimadzu HMVG microhardness tester with a

Sodium hydroxide (NaOH),hydrochloric acid l0ad of £0.3 mN and a dwell time of 7 s.

(HCI, 37%), acetone, and ethanol were bought in

Merck companyThe experiments were performed2.4. ElectrochemicalMeasurements

at 25AC and weiesuused linfteed wat er

experiments. The analytical grade chemicals The electrochemical impedance spectroscopy
without any further purification were used during(EIS) and other electrochemical measurements

all the work. were benefited from the CHI 604E A.C.
electrochemical analyzer. In this measurement, a
2.2. Synthesis offte CuO Nanostructure platinum sheet (with 2 chsurface area) as the

counter electrode and Ag/AgCl (M KCI)

Before the synthesis of CuO nanostructures, thelectrode as the reference electrode were utilized.
Cu foils withthe size of 1.5x1 cm were chemically

polished in 3M HCI for 10 min to remove the The EIS measurements were recorded between
surface impurities andollowing, mechanically 100 kHz and 0.01 Hz with the amplitude voltage
polished were performedFinally the foils were ©Of @5 mV at the open circuit potential in 1 M
degreased by ultrasonic cleaning in acefon&OH media. The fitting of the results of EIS
ethanol and distilled water for 10 min, Measuremets was performed using the Zview

respectively. Thetthe oxygen stream was used tosoftware. The charge carrier density and flat band

dry the foils. The precleaned Cu foils were Potential of the electrodes were determined using
immersed in a solution containing 13 mL of 10 Mthe Mott Schottky (MS) approach. The Mett

NaOH, 5 mL of 1 M (NH;),S,0g, and 48 mL of Schottky measurements were recorded atHo
deionized water for 30, 60 to 180 min. The foilsand the range of0.2 to 0.8 V vs Ag/AgCl

with a layer of Cu(OH)nanostructures were then(3 M KCI) in 1 M KOH electrolyte. In the MS

rinsed with ethanol and deionized water and driefleasurements, potential step was selected as

in air. To obtain crystalline CuO nanostructures10 mV. The currenpotential curves were recorded

the heat treatment waperformed. The foils were at the potentials from the open circuit potential
exposed to 150 AC for (OCR dewy torl8 MoThe meapiementy weser | a
then the temperature w&agiedrogtjialies the timg necgssaryAlereach g d ¢
process was applied for 2 hours to providéluaststationary value (1 h). In this measurement, a

nd
hi's

crystallization in air atmosphere. scan rate of 5 mV-swas chosen.
2.3. Characterization of the cuo The H evolution measurements of the electrodes
Nanostructures were carried out under bias voltages-dfg, 2.0

and 2.2 V for 30 min in 1M KOH solutiom
The ZeistSupra 55 field emissiescanning 3 replications A reverted burette was utilized for

electron microscope (FEEM) at high vacuum the measurements of the evolution ghs amount
and 10.00 kV EHT was utilized to attainduring the pocess. The energy efficiency and
information about surface characterization of th€onsumption measurements of the electrodes were
CuO nanostructuresThe R|gaku Smart Lab carried out by CHI 660D Potentiostat/Galvanostat
diffractometer (XRD) wi t h  Cu KU inrlMd KQtt elestplyte at 298 K. In the
employed at 40 kV and megsurgments, ibe Gyreeat glensitigs werg seleeesl
of2080A with a s clavasusedtoeds #pf50 gnd A00 MA gMThe elecwlysis time
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of 30 min was applied for the energy efficiencyAfter immersed into the alkaline solution at the

and consumption measurements. 30 min, CuO nanorodrray structures are formed
on the substrates and exhibit a well uniformity, as
3. RESULTS AND DISCUSSION shown in Figire la. The nanorods having a

diameter of about 15837 nm developed
obliquely to form grasslike clusters thaverlap
and interlace each other. Increasing thectien
time to 60 minutes, the rods totally disappeared
éamd the copper layer surface is only covered by the
nanostructure  which are  composed  of
interconnected thin flakes, due ta partial
éﬂissolution of thecenter of the rodsAs can be
seen from Figre 1b, the average naritakes
peorner length and the thickness of tlflakes
anostructures were found to

Cu(OH), on the substrate. The light blue Cu(QH) & " d_ 33.56 nmN 5The. ﬁa,_cking te.S pective
layer appeared on the surface of Cu foil is Sbwhl?anonbbons with hydrogen bonding interactions

turned into the Cu@y heat treatment. The overal| creates t_he nanorods. _The h'gh. NaOH
chemical equation is summarized Eguations 1 concentration leads to weakening of the interlayer

and2 [20,21] hydrogen bond Ii_nkages at the shee_t edges. this
causes stresses in the layers. for this reason, the
ribbons were rolled to decrease the stresses,
yielding the ultimate tubular structurgvhen the
Cu(OH), ——* CuO+H,0 (@ Yeaction tme was sustained to 1800 min, the
structure of nanoflakes CuO formed on the
substrate increase in the surface and feliker
morphological structures are formed in certain
regions. As shown in Fige 1c, the thickness of
the naneflakes and the average maftakes corner
l ength were determined to be
418.32N79.25 nm, respectively

3.1. Structural Properties of CuO
Nanomaterials

A rapid oxidation of the copper surface by th
presence of ammonium persulfatesults in the
formation of copper hydroxide (Cu(OR)on the
surface. Also, Sodium hydroxide can oxidize th
copper surface even though it lasts lon§E].
The released’" cations subsequently react wit
the hydroxide anions in the solution to creaté

Cu+ 8,042 +20H° ——= Cu(OH), +250,2+2H,0 (1)

@)

(©

Figure 1. FE-SEM (top and cross section views)ss .
of (a) CuG30 min, (b) CuGB0 min, Figure 2. Water contact angles images of (a)

and (c) CuGL800 min electrodes Cu0-30 min, (b) CuG60 min, (c) and
(c) CuG-1800 min electrodes
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Figure 2 shows the contact angle measuremegteater. Superhydrophobic  surfaces  exhibit
results of CuO nanostructures. The contact angles jpfoperties such as low energy surface and high
the nanorod, nanoplate (nanoflakes) and mRrancsurface roughness. The changes such as surface
flower-like CuO structures with water were chemical composition, morphology, and surface
determined as 116M, A2 7 a6d A,1r8ughndss fored on the surface of CuO materials
respectively. The results show that the surfacean directly influence the wetting behavior. Wetting
exhibits hydrophobic behavior and that the surfackehavior of micre and nanostructured CuO layer
goes towards superhydrophobicity depending on trearfaces is closely related to morphological factors
surface morphology.Superhydropholbi surfaces such as curtain, height and shfp®.

generally have contact angle values of A50 o r

Figure 3. Microhardness results undeindentation loads of 490.3 mN for (a) Ct8D min,
(b) CuG60 min, (c) and (c) Cu€800 min electrodes

Microhardness measurement results of Cu@hree peaks witt2 dvalue of 43, A5 hAnAl 75
nanostructures synthesized chemically at differemorresponding to the planes of Cu (111), (200) and
times are presented in Figure Blicrohardness (220) were observed (JCPDS file No.i10836)
results in Vickers for Cu@0 min, CuG60 min, [23]. As seen from the XRD result of the
v Cu01800 min electrodes were 29, 48 andCuO-30 min electrode without heat treatment, the
57 HV, respectively. The results showed that thdiffracionp e aks havi ng valAues of 2d
surface morphology changed with increasing tim&84A, A 3 A& 3 8 4 @ nAd carb % indexedhe
caused small changes on the hardness and thlanes of the orthorhombic Cu(OH), planes of
increase inthe hardness value partly due to thg002), (111), (022), (130) ve (13R)CPDS file no.
decreased surface stress of the rdower 80-0656)[24]. When XRD results of heat treated
morphology produced at 1800 min. Cu0-30, Cu0-60 and Cu0-180 electrodes were
examined, orthorhombic Cu(OH), peaks
Figure 4 shows the XRD results of hetmeated disappeared, anthe CuOpeaksin 2d val ues at
and without heatreated Cu/CuO nanostructures3 5. 5 A voerreshéndirgyAo (002) and (111)
after immersion in NaOH/(NE,S,0g aqueous planes wereformed. (JCPDS file No. 80916)
solution for 301800 minutes. In all XRD results, [25].
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As can be seen from Figure 5, the BET surfac&h e r e ,@nd g @re thelcapacitance (F9m
areas of Cu€B0 min, Cu®60 min, and the relative permittivity of CuQ, the vacuum
Cu0-1800 min electrodes were determined apermittivity (8.854.10° F.m') and elementary
11.6, 14.6 and 12.1 %y, respectively. The results electric charge (1.602.28 C), respectively.
indicated that the surface area did not chandeapacitance C was calculated from the following
significantly depending on the change in thé&duation;

surface morphology. C=( 20 z @
= 0

3.2. Electrochemical Characterization of CuO . i .
Nanostructures Where f is the frequency (1MHz) and D & the

imaginary component of the impedancés can

Open circuit potentials (OCP) as a function of tim@€ Séen from Figuré, the MottSchottky plots
in 1 M KOH electrolyte for Cu€B0 min, ave a positive slope characteristic witktype

- : semiconductor behavior{27]. The flat band
Cu0-60 min and CuG1800 min electrodes are potentials for Cu€BO min, CuG60 min and

Cu0O-1800 min electrodes were calculated as
U _ e OP€1h 03 v, 0.04 V and 0.18 V, respectively. The flat
circuit potential. It indicates that Cu8D) min band potential has shifted to a ropositive
electrode with more negative potential is more,qentia| with increasing time. This indicates that
active in hydrogen formation reaction (HER) thanhe nandgap is wider and that much less electrons

other electrodes. occur at the semiconductor interface. The

o Cu0-30 min electrode is lower than the flat band
Electrochemical impedance (EIS) resuksarded potential when compared with other electrodes.

in open circuit potential (OCP) in 1 M KOH The cahodic shift in the flat band potential also
electrolyte for Cu@O0 min, CuG60 min and provides an easy charge trangd8].

Cu0O-1800 min electrodes are presented in Figure

7. Thechargetransfer resistances of Ce&D min, 0.18 E—
CuO-60min and Cu@800 min electrodes from o Cu0-i0k
Nyquist curves were datemi ned as? 4 0%} A~ Cu0-1800dk

639 darmdn 1 1 0°Oresgectielyn When
the chargetransfer resistors are considered, it i
seen that Cu€@0 min electrode has lower
resistance value. The low resistance valu® °
indicates that thenanorodstructure acts as free 3;
electoactive adsorption zones by increasing th z -

-0.22

. Ag/AgCl

K

K

A hahbAAAAAAL L, fhhyphy ah

" AkAdpa

@ hd oy,

\ .
026 [ Cteseese, ey,
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This event increases HER catalytic actiji2g]. 00 , ‘ , ) ) ) )
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Mott-Schottky (M'S) analysis was carried out to Zaman /s
investigate the variation in capacitances at theFigure 6. Variation of open circuit potential as a
semiconductoelectrolyte interface  with the function of time in 1 M KOH electrolyte
applied voltage. M5 analysis was employed to for CuG30 min, CuG60 min, and
obtain the flat band potentials £ and the charge Cu0-1800min electrodes

carrierdensities (N) of CuO eletrodes. ) ) o
Figure 9 shows the cathodic polarization curves
1 2 KT recorded for Cu0-30 min, CuG60 min, and
= A
q

e
dE -Eg) 3 cuo-1800min electrodes at 1 M KOH. As can be

Cz_qé’éNDe
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seen, in Figure 9, when the coating time 2.2 Vin 1 M KOH is presented in Figuré®.1At
increased, the open circuit potential shifts to morkigh coating times, the CuO electrode exhibits low
negative values. At high pH valueat the catalytic performance for hydrogewolution This
-0.8/1.2 V potential range, CuO is converted taelatively high amount of Hgenerated on th€uO
Cu0,? oxy- anion(CuO+H,0 Y 2 H + + CRiad® nanorod structure can be attributed that the
at high pH CuQ?is stable. The current density morphology supply conductive channels for
towards cathodic potential greater thah4 V electron transport to improve hydrogen evolution
indicates  hydrogen  formation (268+2€ and create hydrogen desorption si{@9]. The

Y H,#20H). The volume of hydrogen gas Cu0O-30 min electrode having nanorod
collected using electrodes Ct8D min, morphology exhibits higher HER activity for all
Cu0O-60 min and CuG1800 min at-1,8, 2 and potentials indicated compared to other electrodes.
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Figure 7. Electrochemical impedance results (Nyquist, Bode and phase angle plots) fe30Cudd,
Cu0-60 min, andCu0O-1800 min electrodes recorded at OCP in 1M KOH
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Figure 8. Variations of 1/€ with applied potential Figure 9. Cathodic polarization curves of for
(Mott-Schottky plot) for Cu@B0 min, CuG30 min, CuG60 min and
CuO60 min and Cu®1800 min Cu(0-1800 min electrodes obtained in
electrodes 1 M KOH solution at a scan rate of

0.01 vst
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In literature, it was reported that hydrogen gagor CuG30 min, CuG60 min and Cu®1800min
volumes produced on C/NiMn, C/NiMnZn, electrodes, the energy requirement (Q) and energy
C/INiMnZn-PtRu and C/NiMnZrPtPd electrodes e f f i ¢ @) vatugs of atkali electrolysis at 25,
by electrolysis technique applying 3.0 V over 1 /50 and 100 mA cifA current densities were

were in the range of 16225 mL cnt [30]. In  calculated with the following equatiof9,32]:
another study, it was stated that the hydrogen gas

volumes formed by electrolysis in 1M KOH at aQ: Ut (5)
constant current density of 30 mA over 1 h for the® '

C @ Fezn,C@Fezn/Pt, C@FeZn/Ru electrodes

were the range of 585 mL cn¥ [31]. The 4 _ 283.3J /mol
hydrogen evolution amounts obtained for low cost H U.lt
CuO electrodes at low potentials and short time

can be said to have good potential compared to

these electrodes reported in therature.

(6)

(a) ® Cu0-30 min (b) m Cu0-60 min
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Figure 10. Hydrogen evolution amounts for C#8D min (a), CuO60 min (b), and Cu®@1800 min(c)
electrodes in 1 M KOH solution at different cathopatentials
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Where | isthe applied current in Ampere, U is thecoating time. When the energy efficiency was
cell voltage in Voltage and t is time of evolution ofconsidered, the order of electrocatalytic activity of
a 1 mol of hydrogen in seconds. The results ahe studied CuO morphologies was determined as
given in Figure 1. When the values ar@mpared CuO nanorod> CuO nanoflakes> CuO nano
at the current density of 100 mA/émthe energy flower. When the results were examinedt was
consumption igpartially increased with increasedseen that the energy efficiency values of CuO
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electrodes were very close to one. The best energythe work CuO nanostructures were synthesized
efficiency was found to belong to CuO nanorodcthemical technique§.o determinehe appropriate
morphology. Considering the electrochemicaproduction conditiongor the HER reaction, CuO
results of CuO electrodes, Ct8D min electrode nanostructures were synthesized at the different

was deternnied as the ideal electrade times. The morphology and structure of CuO
nanostructures electrodes were characterized in
(@) detail by FESEM, EDX, BET and XRD.The

nanorod, nanoplate (nanoflakes) and nHower-
like CuO structures were obtaine€athodic
polarization, impedance measurements and -Mott
Schottky analysis werearried out. When the
electrochemical results were examined, it was
determined that Cu@0 min electrode produced
more chemically was more effée than other
morphologies
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