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Abstract

Zn,_.Fe,O, nanocomposites have been investigated for bi-functional performance towards photoelectrochemical (PEC)
and photocatalytic (PC) splitting of water to produce hydrogen. Prepared at varying Zn/Fe atomic ratio via co-precipita-
tion through controlled addition of NH,OH to the aqueous solution of iron (lll) nitrate nonahydrate [Fe(NO;);-9H,0] and
zinc acetate dihydrate [(CH;-CO0),Zn-2H,0], followed by sintering in air at 800 °C, the nanocomposites were characterized
by XRD, SEM, TEM, UV-Visible optical absorption, XPS, and M&ssbauer spectral analysis. Shift in bandgap energy (E) and
alterations in microstructural characteristics and electrical properties, observed with change in sample-composition,
significantly influenced hydrogen generation. Plausible reasons have been offered. The optimum conditions for hydrogen
generation via PEC and PC routes, not being similar, have also been worked out.
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1 Introduction

Most enduring solution to the world’s burgeoning energy
needs probably lies in switching over from fossil-fuel-
dependent society to solar-hydrogen era. Hence, studies
pertaining to the development of commercially-viable
methods for hydrogen generation by solar splitting of
water have drawn huge interest in recent years [1-4]. Pho-
toelectrochemical (PEC) and photocatalytic (PC) splitting
of water are important in the above context, especially
due to ease of operation, low-cost, and expected high effi-
ciency of energy conversion. The PC process involves the
use of a photocatalyst (usually semiconductor), capable to
generate required thermodynamic yield of hydrogen via
splitting of water [3]. In PEC process the semiconductor
is used as photoelectrode and it must possess appropri-
ate optical, electrical, and electronic properties to facili-
tate harvest of photons and migration of photogenerated

charge carriers in electrochemical reaction pathway [4].
The three essential steps in photo-splitting of water are:
(1) absorption of light (hv = band gap) by semiconductor,
(2) production and separation of charge carriers, and (3)
occurrence of redox reactions leading to splitting of water
[5]. Since, it is the visible part in the solar spectrum that
carries maximum energy from Sun to the Earth'’s surface;
the development of visible-light-driven photocatalyst/
photoelectrode is of paramount importance to realise
the ultimate goal of efficient conversion of solar energy
to hydrogen.

Ever since the first report on UV light-induced splitting
of water on TiO, photanode [6], a whole range of semi-
conductors has been investigated for this application.
Besides, several approaches have been tried to optimise
the optical bandgap, electrical and electronic properties
of the semiconductor with regard to the splitting of water
[7, 8]. Researches pertaining to the use of layered/mixed
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semiconductors, swift heavy ion irradiation and surface
modifications have been pursued with lot of optimism
in recent years [9-11]. Plasmon mediated and fullerene
modified materials have also yielded much improvement
in visible light induced photocatalytic hydrogen genera-
tion [12-15]. The advent of nanomaterials and nanotech-
nology has generated a renewed interest in this area. In
few reports, nanomaterials have shown much improved
PEC/PC performance against their bulk counterparts for
photosplitting of water [16, 171].

Discovery of new and improvement in the known
semiconductors, capable to split water efficiently under
solar illumination, forms the core of research in this area
[18-20]. As a primary requirement the semiconductor pho-
tocatalyst/photoelectrode must be chemically stable with
an optimum band gap ~ 1.8 to 2.2 eV, in order to efficiently
absorb bulk of solar radiations [21, 22]. Semiconductors,
such as TiO, [23, 24], SrTiO, [25], SnO, [26] and BaTiO; [27]
with relatively high band gap cannot absorb large portion
of visible light. On the other hand, low band gap materials,
viz, Si [28], GaAs [29] and InP [30] are generally unstable
and suffer corrosion in contact with the electrolyte. ZnO
and a-Fe,0;, the key technological materials [31], have
been explored earlier for PEC/PC splitting of water [32,
33]. While a-Fe,0; has an optimum band gap of 2.2 eV,
ZnO is relatively a high band gap material. The conduction
and valence band edges of ZnO straddle perfectly H,O/H,
and OH7/0, redox levels, thereby satisfying a mandatory
requirement for spontaneous photosplitting of water. But,
band edges in a-Fe,0; are not well aligned and external
bias is needed in this case to thrust the charge carriers for
redox reactions. Further, electron mobility in ZnO is high
and in fact even higher than TiO,. In contrast, a-Fe,0; is
known to be a material with high electrical resistance due
to thermally controlled hopping mechanism for charge
carrier mobility [34]. The ZnO-a-Fe,0; combination can,
thus, be an interesting system for PEC/PC applications.

In continuation to our earlier works on the PEC and PC
splitting of water using doped/undoped nanostructured
oxide semiconductors [35-37], here we have attempted
to overcome the limitation of high band gap of ZnO by
evolving Zn,_,Fe, O, nanocomposites (prepared in pow-
der form at varying Zn/Fe atomic ratio). The variation in
PEC/PC performance of samples was analysed by observed
changes in crystal, microstructural, optical and electrical
properties. Despite, the basic mechanism of photoexcita-
tion, charge carrier generation and transport being same
in both the PC and PEC splitting of water; the two pro-
cesses are probably differently controlled by some still
ambiguous parameters/semiconductor characteristics. In
most previous studies researchers worked either on PEC or
PC splitting of water. Working with the same set of materi-
als, this study is also an attempt to evolve a comparison
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between PEC and PC splitting of water with regard to the
properties of the semiconductor used.

2 Experimental
2.1 Preparation of Zn,_,Fe,O, nanocomposites

To the aqueous solution of iron (lll) nitrate nonahy-
drate [Fe(NO;);-9H,0] and zinc acetate dihydrate
[(CH;-CO0),Zn-2H,0], controlled addition (1 cm® min™") of
ammonium hydroxide solution under continuous stirring
till the pH ascended to =7 enabled co-precipitation [38].
The precipitate was washed using ethyl alcohol, allowed
to age for 24 h, and dried for 1 h at 80 °C. To complete the
cycle of crystallization, samples were sintered in air in three
stages as: Stage | — 30 min at 250 °C, Stage Il — 30 min at
600 °C, and Stage Ill— 60 min at 800 °C. Step sintering with
intermittent grinding was attempted to avoid heat-shock
and also to ensure the completion of reaction and chemi-
cal/structural uniformity in samples prepared.

2.2 Characterization

Samples were subjected to XRD analysis using glancing
angle X-ray diffractometer (Bruker AXS D8 Advance, Ger-
many), equipped with graphite monochromator, a mir-
ror at a fixed incidence angle of 1°-5° and CuKa as the
radiation source. The angular accuracy was 0.001° and the
angular resolution was better than 0.01°. The analysis was
made at 26 varying from 25° to 60° with a step size of 0.02
degrees min~'. Average crystallite size in samples was esti-
mated by Scherrer’s computations utilizing the XRD data
and Eq. 1 [35-37],

p = k\A/BCosb, (1
where p is average crystallite size, B the full width at half
maximum, A the wavelength of X-ray (1.542 A), and O the
half diffraction angle of the centroid. The observed XRD
data was further utilized to estimate the dislocation den-
sity (6) and microstrain (€) in the samples [39] by employ-
ing Eqgs. 2 and 3,

& =1/t )

e =BCos0/4 (3)

The optical characteristics of samples were investigated
using diffuse reflectance UV-Vis spectrophotometer (Per-
kin Elmer, Lambda 650S) in the range 200-800 nm. Pure
BaSO, was used as reflectance standard. The absorbance
data was utilized to evaluate optical band gap energy (E)
of the samples [37].
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Surface morphology of samples was investigated by
recording SEM images using Scanning Electron Micro-
scope (Tescan Vega MV 2300T/40, 25 kV accelerating volt-
age, ~ 10 mm working distance). Considering the dimen-
sions of 80-100 randomly chosen particles in the SEM
images and using J-image software, a tentative pattern
of particle size distribution in the samples was obtained.

Mdssbauer spectrometer (Nucleonix Systems Pvt. Ltd.,
Hyderabad, India), operated in constant acceleration mode
(triangular wave) in transmission geometry, was used to
record Mossbauer spectrum of samples at room tempera-
ture (27 3 °C). The Co-57 in Rh matrix of strength 50 mCi
was used as source. The isomer shifts were recorded rela-
tive to a-57 Fe metal foil, which was also used for velocity
scale calibration with the effective nuclear hyperfine field
H.¢ 331 k Oe. The outer line width of calibration spectra
was 0.29 mms™,

The sample ZnFe(70) was treated as a representative
case for XPS analysis to investigate the oxidation state of
different elements. The analysis was made on SPEC high
resolution spectrometer (Surface Nano Analysis GmbH),
using Mg-Ka radiation. This sample was also subjected to
TEM analysis to obtain a closer view on the morphology of
particles. FEl Technai G2 20 system was employed at 200 kV
accelerating voltage to record images.

2.3 PECstudy

For PEC studies, sample disks (diameter 1 cm, thickness
1 mm) were generated by pressing 1 g of powder sam-
ple in KBr press (Techno Search Instruments, Mumbai) at
pressure 7 tones cm 2. The disks were re-sintered at 600 °C
for 1 h to provide mechanical strength and subsequently
used as working electrode (WE) in PEC cell. Ohmic electri-
cal contact was created from one surface of the disk using
silver paint and copper wire. Leaving open 1 cm? area at
the centre of the other side of the disk for illumination,
the electrical contact and the side edges of the disk were
perfectly sealed by non-transparent, non-conducting
epoxy resin (Hysol; Dexter, Singapore). PEC studies were
conducted in three electrode configuration electrochemi-
cal cell, comprising platinum mesh auxiliary electrode (AE)
and saturated calomel reference electrode (SCE). The PEC
cell, filled with aqueous solution of NaOH (0.01 M, pH 12,
used as electrolyte), was surrounded by a water jacket to
avert infrared radiations heat effect. Potentiostat (Model
ECDA-001, Conserv Enterprises) and 150 W Xenon Arc light
source (Ozone-free; Oriel, USA) were employed to obtain
current-voltage (J-V) characteristic plots under darkness
and illumination. Observed photocurrent values were
used to determine the Applied Bias Photon-to-Current
Efficiency (ABPE), defined by the following equation [40].

|Jph(mAcm_2)’ x (1.23 — [V])(V)
ABPE =

(4)

Protar (MWem=2)

where Jg;, is the photocurrent density obtained under
applied bias (V) and Py, is incident illumination power
density in mW cm™,

2.4 PCstudy

The photocatalytic activity of the samples was estimated
in batches in a closed rectangular quartz cell photoreac-
tor (PR), equipped with sampling and evacuation ports. A
medium-pressure mercury lamp (LS) (Hg, Ace Glass Inc.,
450 W), with broad range emission (16% in UV and 84%
in visible region), was used as light source. LS was sur-
rounded with external water jacket to prevent heat effect
of IR radiations. Weighed amount (0.1 g) of powder sample
was loaded as dispersion in the PR filled with methanol
and water (total volume 15 cm?3, in the ratio 1:2 V/V). De-
aerated PR was irradiated for intervals of 2, 4, 6 and 8 h
and hydrogen evolution was estimated quantitatively by
Gas Chromatograph (Netel Michro-1100), equipped with
TC detector, Molecular Sieve and Ar carrier gas. Apparent
Quantum Efficiency (AQE) of different photocatalysts was
estimated according to Refs. [37, 40].

In the study, chemicals with purity >99.9%, and
double distilled deionized water (specific conduct-
ance < 107 mho cm™") were used. Triplicate-quadruplicate
measurements yielded results within +15.2% deviations.

3 Results and discussion
3.1 Microstructural characteristics: XRD analysis

The colour of samples changed gradually from white to
brick red with increase in Fe content. Table 1, lists the
crystal phase/s identified and lattice parameters evalu-
ated in samples from XRD analysis. The XRD patterns
(Fig. 1) of samples ZnO and ZnFe(1), show intense peaks at
20=31.7°,34.4°,36.2°,47.6° and 56.6° which correspond to
(100), (002), (101), (102) and (110) planes, respectively, of
hexagonal wurtzite phase of ZnO (JCPDS, Card 89-0510).
In sample ZnFe(5), presence of secondary phase (ZnFe,O,
spinel) is evident by observed XRD reflections at 26=29.9°,
35.3°,42.8° 53.1° and 56.7° corresponding to planes (220),
(311), (400), (422) and (511), respectively (JCPDS, Card
22-1012). However, the possibility of the peak at 26 56.7°
getting overlapped with a possible peak at 56.6° corre-
sponding to wurtzite ZnO cannot be totally ruled out. The
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Table 1 Nominal composition

Metal concen-
and identified crystal phases in

Nominal composi-

Phases identi-  Lattice parameters (A) Sample abbreviate

tration (at.%) tion (Zn,_,Fe,0,) fied by XRD
samples -
Zn Fe
100 - ZnO ZnO a=3.248,¢=5.205 ZnO
929 1 ZnggoFer 0Oy Zn0 a=3.248,c=5.205 ZnFe(1)
95 5 ZnggsFeq050y Zn0 a=3.248,c=5.205 ZnFe(5)
ZnFe,0, a=b=c=8.441
90 10 ZnggoFeq 100y ZnFe,0, a=b=c=8.441 ZnFe(10)
45 55 Zng 45Feq 550, ZnFe,0, a=b=c=8.441 ZnFe(55)
30 70 Zng3oFeq700y ZnFe,0, a=b=c=8.441 ZnFe(70)
Fe,O; a=5.032,c=13.733
1 99 Zngg1Feq900, Fe,O; a=5.032,c=13.733 ZnFe(99)
- 100  Fe,0; Fe,0, a=5.032,c=13.733 Fe,0,
y, undefined
Fig. 1 XRD pattern of samples. (10)
Peaks correspond to: *Wurtzite (110)# (024) # (16)#
ZnO, *a-Fe,0s, and *ZnFe,0, (13)#
Fe,0,
#
#
# #
ZnFe(99)
5 E11)*
(220)% # (400)% #  (422)% # (1M0F
ZnFe(70)
—
) *
© * * * +
S
2 ZnFe(55)
b= *
0
c * * * +
3 ZnFe(10)
£ (mﬂ'(oozn « |Fa01)
+
* (102)+
* * ZnFe(5)
o+
+ + .
+
W*JL_JUL A A____|ZnFe(1)
+
+ o+ N
x A Zn0
T T T T T T T T T T T T T
25 30 35 40 45 50 55 60

samples ZnFe(10) and ZnFe(55) were observed to be sin-
gle-phasic with the existence of ZnFe,O, spinel phase. For-
mation of cubic structured nanoparticles of XY,0, (Xand Y
represented by bivalent and trivalent metal, respectively)
has been reported earlier also and are shown to exhibit
high chemical stability [41-43]. Further, in sample ZnFe(70)
the emergence of rhombohedral hematite phase (a-Fe,05)
is observed with the reflections at 33.1°, 35.6°, 40.8°, 49.5°
and 54.1° from (104), (110), (113), (024) and (116) planes,
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respectively (JCPDS, Card 89-0599). In samples ZnFe(99)
and Fe,0;, single-phase existence of hematite occurred. It
can also be conjectured that the single-phase metal oxide
phases (wurtzite ZnO and a-Fe,0;) observed in samples
ZnFe(1), ZnFe(5) and ZnFe(99) are in fact doped oxides
having dopant metal ion concentration less than 5%.
Above contention is supported from the observed shift
in the XRD peaks, which is probably indicative of strain
building-up in the lattice due to size difference in the two
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i(104)*

L(101y*

ZnFe(5)

Intensity (a.u)

ZnFe(1)

Fig.2 Observed peak shift in XRD pattern of samples. Peaks corre-
spond to: Wurtzite ZnO (*), a-Fe, 05 (*)

cations (Fig. 2). The average crystallite size ranged from 42
to 68 nm (Table 2). The presence of dopant cation seems
to impart a diminishing effect to the growth of an oxide
phase leading to decrease in crystallite size. The effect is
also evident from the increase in dislocation density and
microstrain (Table 2) at comparable concentrations of the
two cations. At the extreme ends of concentration vari-
ation, dislocation density and microstrain increases and
average crystallite size decreases.

3.2 Morphology

SEM images of samples are shown in Fig. 3. The wurtzite
phase of ZnO is marked by presence of hexagonal shaped
particles. As the Fe concentration increases the dominance
of spherical particles increases. The Fe incorporation in
samples seems to decrease the grain agglomeration. At
comparable concentrations of Zn and Fe, the clearly visible
lesser spherical structures may be attributed to the exist-
ence of ZnFe,0, cubic spinel phase (as observed in XRD

analysis). Particle features are not clear in samples lying at
extreme ends of concentration variation [44]. The particle
size distribution (Fig. 4) revealed average particle size in
the range 100-220 nm which is ~ 2 to 4 times higher com-
pared to the estimations from Scherrer’s computations
based on XRD data. The discrepancy in the values suggests
significant grain agglomeration in samples, with particles
seen in SEM images indeed being grain agglomerates.

In the observed TEM image (Fig. 5) of sample ZnFe(70),
by analysing different regions and particle interfaces,
not only the lattice fringes appear continuous, but the
presence of both ZnO and a-Fe,0; is also indicated. As
estimated from fringe width, the distances between adja-
cent crystal planes are 0.36 nm for (104) plane of a-Fe,0;
and 0.26 nm for (101) plane of ZnO. Above observation
suggests that the simultaneous occurrence of ZnO and
a-Fe,0; in samples cannot be totally ruled out, although
the XRD analysis has very clearly indicated the emergence
of doped structures of single phase oxides at extreme ends
and the secondary phase of ZnFe,0, in the middle region
of composition-variation.

3.3 Optical characteristics

Apparently guided by variations in crystallinity and stoi-
chiometry, the DRUV-Vis absorption spectra of samples
(Fig. 6) indicate a significant shift in absorption edge to
higher wavelengths, on increasing Fe/Zn concentration
ratio. In samples with dominant growth of ZnO, sharp
absorption edge in the UV region (~400 nm), a characteris-
tic of hexagonal wurtzite phase of ZnO, indicate the onset
of fundamental absorption corresponding to O:2p — Zn:4s
charge-transfer band. The estimated values of band gap
energy (Eg) of samples are presented in Fig. 7, which shows
that with Fe/Zn concentration ratio increasing from 0.43 to
4.00, E, decreases from 3.2 to 1.8 eV, almost linearly with
increase in Fe concentration.

T;;ble 2 Estimaieﬁ:alges Sample abbreviate Nominal composi- p (nm) 5x107™ ex1073 r (kQ cm) E4 (eV)
of average crystallite size tion (Zn. _Fe.O line? m-2
(p), dislocation density (5), (enFe.0,) ( :
microstrain (g), electrical ZnO 7Zn0O 60 2.7 5.7 289 3.14
;e:‘;ig;'g ()r) and band gap ZnFe(1) ZngsoFeq o0, 51 38 6.7 277 3.01
? ZnFe(5) Znge5Feg 650, 52 36 6.6 431 3.08
ZnFe(10) Zngs0Feg 160, 49 4.1 6.9 535 2,93
ZnFe(55) Zng4sFeg 550, 42 56 8.3 7.55 251
ZnFe(70) Zng30Feg 700, 49 4.1 6.9 7.78 1.80
ZnFe(99) Zngp1Fegse0, 60 27 58 8.51 1.88
Fe,0, Fe,0, 68 2.1 5.0 8.60 1.92
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Fig.3 SEMimages of samples

SN Applied Sciences

A SPRINGERNATURE journal



SN Applied Sciences (2019) 1:611 | https://doi.org/10.1007/542452-019-0597-y

Research Article

Fig. 4 Particle size distribution 30
in samples, estimated from 20
SEM analysis 10
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3.4 Mossbauer spectroscopic study

The Moéssbauer spectra of samples (Fig. 8) show the local
magnetic environment around Fe sites and indicates
about the oxidation state of the Fe. Table 3 gives the
hyperfine field values (H,), isomer shift (5), quadrupole
splitting (AEg), outer line width (I') and relative areas
(Ra) in percentage of doublet (paramagnetic) and sextet
(Zeeman splitting pattern) sites of Fe3* ions. Each spec-
trum shows a paramagnetic doublet with isomer shift ()
ranging 0.340-0.347 mm s~ and quadrupole splitting

(AEg) 0.36-0.41 mm s indicating trivalent nature with
high spin of the Fe atoms in samples. As reported earlier
[38] a similar doublet (§=0.56 mm s~') was observed for
nanocrystalline 10% Fe-doped ZnO powder. Samples with
<80% Fe content showed a magnetic sextet with isomer
shift (8) ranging 0.354-0.372 mm s~ ' and magnetic hyper-
fine field (Hy¢) 52.0-52.2 T, indicating trivalent nature of the
Fe atom in samples. Values of isomer shift (8) and quadru-
pole splitting (AEy) for the doublet and sextet show that Fe
is in tetrahedral site [45, 46]. No signature of Fe?* has been
found in spectrum of any sample. Had Fe been present
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Fig.5 TEM image of sample ZnFe(70)

in the substitutional site in a defect-free host crystal, its
valence state should have been +2. However, Mdssbauer
results confirm the presence of uncoupled Fe3* within
the sample giving rise to the associated paramagnetic
behavior [47]. Figure 9 shows the relative area ratio (%)
of the two phases; paramagnetic doublet and magnetic
sextet for samples. It is clear that up to 70% Fe content
only one paramagnetic doublet exist, whereas at higher
concentrations a magnetic sextet also coexists. Relative
area of doublet decreases and sextet area increases at Fe
content above 70%. The variation in Quadrupole splitting

Fig. 6 Diffuse reflectance UV-
Visible spectra of samples 1.67

Absorbance (a.u.)

of superparamagnetic doublet and magnetic sextet in
samples with increasing Fe content (x) is shown in Fig. 10.
There occurred reduction in the quadrupole splitting in
doublet (Fig. 9 inset a), as the Fe concentration is increased
which suggests that the asymmetry decreases at Fe sites.
The AEq values are found to be different for two Fe sites
(doublet and sextet). Since, AE, occurs due to an inter-
action between nuclear quadruple moment and electric
field gradient, produced by surrounding ions, the differ-
ent values of AE, for the two sites suggest different local
environments. The higher value of AE for the doublet site
as compared to that for the other site (sextet) indicates the
presence of a relatively larger crystal field gradient at the
doublet site. Also, quadrupole splitting of sextet decreases
with increasing Fe content shown in Fig. 9 (inset b).

3.5 XPS analysis

Sample ZnFe(70) was subjected to XPS analysis (Fig. 11). C
1s peak at 284.5 eV was used as reference for calibration of
binding energy. The core spectrum of Zn 2p indicates +2
oxidation state of Zn, as evident from Zn 2p; , and Zn 2p,
peaks at binding energy 1020 and 1042 eV, respectively.
Further, + 3 oxidation state of Fe is also indicated from Fe
2p;,, and Fe 2p, , peaks at binding energy 711 and 723 eV,
respectively. Few satellite peaks of Fe are also seen in the
observed pattern at binding energy 781, 847 and 897 eV.
Prominently seen peak at binding energy 529.5 eV cor-
responds to O 1s, largely attributable to surface bridging
oxygen.

Fe,04

ZnFe(99)
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Fig.7 Band gap energy (E,)
of samples as estimated from

3.2
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3.6 Photoelectrochemical studies

Photoelectrochemical cell current (J) increased with rise
in external bias/potential (V) and upon illumination. The
nature of J-V curves confirmed n-type behaviour of sam-
ples. In earlier works by authors on ZnO [48, 49] the dark
current was found almost zero suggesting a well formed
depletion layer. However, in this study the dark current
in the range 0.2-0.3 mA cm™2 (at zero bias) was seen
with all the samples, which indicates part-permeability
of the depletion layer and/or creation of surface states.
The rise in current under illumination has been quanti-
fied as photocurrent (Jpy) and its variation with applied
bias is presented in Fig. 12. Two samples, ZnFe(10) and
ZnFe(55) that did not yield any significant photocurrent,
have been omitted from the presentation. Photocurrent
density (Jp,y) varied with samples’ composition and applied
bias (Table 5). Sample ZnFe(70) yielded maximum photo-
current density 3.65 mA cm™2 at 700 mV bias, marking a
gain in photocurrent of nearly 100 and 600% against pure
a-Fe,0; and ZnO, respectively, under similar conditions
of measurement. The effect may be attributed to almost a
linear fall noticed in the bandgap energy as Zn/Fe atomic
ratio decreases (Fig. 3), with ZnFe(70) exhibiting lowest
bandgap of 1.8 eV. Going further, from sample ZnFe(70)
to Fe,03, no significant change occurs to the band gap
energy. Still, the increasing dominance of a-Fe,0; phase
in samples, which is known to be a high resistance mate-
rial [50], appears to weaken the PEC response by limiting
the charge transport kinetics. As Fe content increases, the

Fe (% at.) 23

spinel phase diminishes with dominant commencement
of Fe,0; phase. The ZnFe(70) sample, however, consists of
both the spinel and Fe,0; phases. The computed ABPE of
the sample ZnFe(70) was 2.14% as against 1.05 and 0.34%
for pure a-Fe, 05 and pure ZnO samples, respectively.

3.7 Photocatalytic studies

Figure 13 depicts the observed photocatalytic hydrogen
generation over the samples from water-methanol solu-
tion under UV-visible illumination. Methanol served as
hole scavenger, controlled addition of which is known to
enhance electron-hole separation [18]. Nonetheless, part
consumption of methanol through oxidation also occurs
as,

CH;0H + 3H,0 — CO, + 3H, )

Under the optimized conditions in presence of metha-
nol, nearly 1/3rd of the total hydrogen evolved comes from
the dissociation of water [8]. As can be seen from Fig. 10 the
sample ZnFe(99) exhibited maximum hydrogen produc-
tion (123 pmoles h™' g7') and the yield is almost double to
the value recorded with pure a-Fe,0; (68 pmolesh™ g™
and triple to pure ZnO (43 u moles h™' g™'). The sample
ZnFe(1) also showed increased hydrogen production
(116 pmoles h™" g™"). All other samples with intermediate
concentrations of Fe were found to be less responsive for
PC hydrogen generation. The secondary phase (ZnFe,O,)
evolved dominantly in samples ZnFe(10) and ZnFe(55)
also seems not to support PC splitting of water. Table 4
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Relative Counts

Velocity (mm/s)

Fig. 8 Mdssbauer spectra of samples with different Fe content. Blue
line is the experimental data (shown as open circles) fitted line. Red
and purple color lines belong, respectively, to doublet and sextet
(Zeeman splitting) components

presents the observed yield of H, and estimated Appar-
ent Quantum Efficiency (AQE) of the systems investigated.
Experiments conducted in the absence of irradiation and/
or photocatalyst resulted in insignificant evolution of H,.
Further, in photocatalytic experiments, amount of H,
evolved increased almost linearly with increase in irradia-
tion time with all samples (Fig. 13).

A comparison of the PEC/PC performance of the best
samples drawn from the present study against results
observed in few earlier works (Table 5) suggests significant
improvement in the performance. The basic problem with
most high efficiency systems reported in literature for PEC/
PC splitting of water that has impeded their commercial
application so far is often non-repetitive and exorbitantly
expensive and complex material-processing involved. To
that extent, nanocomoposites investigated in the present
study are definitely low-cost and are evolved from abun-
dantly available semiconductors.

1004 @ ] a @
80- \ I ]
S n S
3 601 _m— Doublet (Paramagnetic) A
= —@— Sextet (Zeeman splitting)
o 40 ;
2 ¢
B 20- (I
[
2 \
04 e ° ° [
0O 20 40 60 80 100
Fe Content (%)

Fig.9 Variation in relative area ratio of paramagnetic doublet and
magnetic sextet (Zeeman splitting pattern) in samples with increas-
ing Fe content

Table 3 The hyperfine field

values (Hy), isomer shift (6), Sample abbreviate cN(l)e:séntra_ Iron sites @ (mms™) (Anfcr)n o Hy¢(Tesla) T(mms™) R, (%)
quadrupole splitting (AEy), tion (at.%)
oute.r line width () and in samples
relative area (R,) of doublet 7n Fe
(super-paramagnetic) and
sextet (magnetic) sites of Fe’* ZnFe(5) 95 5 Doublet 0.340 0.410 - 0347 100
mz;g:j;z:f:c(t‘::”r‘;i‘i:;‘;? ZnFe(30)° 70 30 Doublet 0347 0.399 - 0.329 100
at room temperature) ZnFe(70) 30 70 Doublet 0341 0.402 - 0.360 100
ZnFe(80)° 20 80 Doublet 0.343 0.364 - 0.358 73
Sextet 0.354 -0.191 52.21 0.346 27
ZnFe(99) 1 99  Doublet 0.345 0.365 - 0.338 24
Sextet 0.372 -0.207 51.97 0.240 76
Fe,0O; - 100  Sextet 0.366 -0.217 52.04 0.241 100

dlsomer shift results are relative to Fe metal foil

bAdditional samples prepared for Méssbauer analysis
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Fig. 11 XPS pattern of sample ZnFe(70)
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Fig. 13 Photocatalytic H, generation observed at different times
under the reaction conditions: 0.1 g photocatalyst, 10 cm? distilled
water, 5 cm® methanol

Table4 A comparative
performance of samples in PEC
and PC splitting of water

4 Conclusions

The present study, thus, leads to the following important
conclusions: (1) Evolution of wurtzite ZnO and a-Fe,0O4
dominantly occur in samples at extreme ends of Zn/Fe
atomic ratios. At intermediate concentration ratios the
formation of ZnFe,0, spinels occurs. (2) Light absorption
threshold frequency shifts downward with decrease in Zn/
Fe atomic ratio. However, the absorption appears to be
largely due to the cumulative effect of the simultaneous
existence of two oxides. (3) Despite the basic phenome-
non of photoexcitation, electron-hole pair separation and
their participation in redox processes pertaining to split-
ting of water, being the same, the conditions for optimized
evolution of hydrogen via PEC and PC routes are different.
(4) Compared to pure a-Fe, 05, the sample ZnFe(70) with a
possibly controlled presence of ZnFe,O, appeared more
effective for PEC splitting of water. The effect is attribut-
able to increase in optical absorption along with fall in
electrical resistivity. (5) For PC hydrogen generation, single

Sample abbreviate

Nominal composi- PEC performance PC performance

tion (Zn,_,Fe,0,)

2, (mAcm?)  ABPE(%) H, yield® AQE (%)
(umolesh™' g™
Zn0O Zn0O 0.59 0.34 43 3.52
ZnFe(1) ZnoesFe 010 044 0.25 116 9.50
ZnFe(5) ZnoesFeq0s0 0.97 057 52 426
ZnFe(10) ZnyoFeq 0 0.75 044 58 475
ZnFe(55) ZnoasFeqssO 0.10 0.05 35 2.87
ZnFe(70) Zno30F€0700 3.65 214 73 5.98
ZnFe(99) ZnopiFeo050 123 0.72 123 10.08
Fe,0, Fe,0, 150 0.88 69 5.65

#Values recorded at 700 mV bias versus SCE

bTime average value obtained for 6 h run

Table 5 A comparison of PEC/PC performance of samples prepared in the present study vis-a-vis the values reported earlier

Semiconductor/
material system

PEC performance

PC performance References

used Electrolyte Applied  Jp (MAcm™)  Co-catalyst/dopant  Reaction solution  H, yield
bias (mV) (nmole h™)

Sample ZnFe(70) NaOH (pH 12)  700° 3.65 - - - Present study
Sample ZnFe(99) - - - - CH;0H+H,0 123 Present study
ZnGeON - - - Rh,_Cr,0; CH;OH+H,0 11.1 [51]
K4NbgO,; - - - - H,O 8.1 [52]
Pt/SrTiO5:Rh, WO; - - - - 2 mM FeCl, 7.8 [53]
Fe-doped BaTiO, NaOH (0.1 M) 5007 2.55 - - - [27]

C-doped In,0, KOH (1 M) 800° 1.00 - - - [54]

Cu,0 Na,S0, (0.5 M)  300° 0.14 - - - [55]

@Versus saturated calomel electrode

bVersus silver=silver chloride electrode
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phase doped ZnO or a-Fe,0; emerge as better systems. A
mild doping (up to 5 at.%) by the alternate cation resulted
in improved PC performance.
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