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Abstract
As a redox material, perovskite is considered one of the most efficient photovoltaic materials for producing hydrogen via water split-
ting reactions. This study used a wet chemical method to synthesize  La1−xAgxMnO3 nanoparticles (0.00 ≤ x ≤ 0.09). The formation, 
chemical composition, and morphology of samples were examined by field emission scanning electron microscopy (FE-SEM), 
X-ray diffraction (XRD), energy dispersive X-ray spectroscopy (EDX), and high-resolution transmission electron microscopy (HR-
TEM). The optical properties were examined by ultraviolet visible (UV) diffuse reflectance spectroscopy. XRD demonstrated that 
the samples had a rhombohedral hexagonal structure with a space group R 3 c. The pore volume, pore size, and surface area were 
calculated and examined. The prepared samples were used as a photoanode in alkaline media for water splitting, and the photocur-
rent was measured. The photocurrent density recorded (14.01, 12.02, 11.67, and 10.28 μA/cm2) for x = (0.09, 0.06, 0.03, and 0.00) 
at 1 V vs. Ag/AgCl, respectively. The smaller impedance of the sample (x = 0.09) photoanodes than the sample (x = 0.00), which 
displayed a considerable decrease in charge transfer resistance. The electron lifetime (τ) increased with increasing Ag concentration, 
where x = 0.09 has the largest electron lifetime (τ) = 10.04 ms. Therefore, the electron–hole recombination rate of  La0.91Ag0.09MnO3 
is lower than  LaMnO3. The samples demonstrated long-term stability for 1 h and enhanced photoelectrochemical performance.
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1 Introduction

The demand for clean, inexpensive, safe, and renewable energy 
sources has significantly increased over the last few years [1]. 
Accordingly, researchers have focused on obtaining energy 
from sunlight, which is a renewable and readily available 
source. Hydrogen is one of the most important forms of energy 
available; it can be obtained from sunlight and water [2–4].

One of the most important technologies for hydrogen pro-
duction is photocatalytic hydrogen production from water, 

known as photoelectrochemical (PEC) water splitting. This 
process is a preferred solution because it is environmentally 
clean and economical for chemical fuels [5, 6]. Consequently, 
multiple techniques to increase hydrogen production by PEC 
have been examined [7–9].

PEC water splitting comprises three main stages: absorption 
of light, separation of charges, and surface chemical reaction 
and transportation. Metal oxides are commonly used in water 
splitting because of their photocorrosion resistance when in 
contact with an aqueous electrolyte.  TiO2 can be used as a pho-
toanode for water splitting owing to its optical absorption and 
low cost [10–14]. However, its large bandgap (3.2 eV) limits its 
light absorption to the ultraviolet (UV) region, which represents 
only 4% of the incoming solar light [15, 16]. Therefore, a semi-
conductor with a narrower bandgap and good electron–hole 
separation is preferable for solar harvesting.

Perovskite semiconductors  (ABO3) are one of the most 
effective photovoltaic materials for hydrogen production via 
a water-splitting reaction owing to their thermal stability, 
adaptability, low cost, and broad bandgap (1.5–3.0 eV) [17, 
18]. Lervolino et al. [19] synthesized n-type  LaFeO3 powder 
for hydrogen production via a PEC water-splitting reaction 

 * S. I. El-Dek 
 didi5550000@gmail.com

1 Basic Engineering Sciences Department, Benha Faculty 
of Engineering, Benha University, Benha, Egypt

2 Materials Science and Nanotechnology Department, Faculty 
of Postgraduate Studies for Advanced Sciences (PSAS), 
Beni-Suef University, Beni-Suef 62511, Egypt

3 Chemical & Petrochemical Engineering, Egypt Japan 
University of Science and Technology (EJUST), Alexandria, 
Egypt

4 Pyramids higher institute for Engineering and technology, 
Giza, Egypt

http://orcid.org/0000-0003-4564-9455
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-022-05895-1&domain=pdf


 M. S. Afify et al.

1 3

871 Page 2 of 12

under UV-LED radiation using the solution combustion 
synthesis method. Pan et al. [20] reported that the photo-
current density of several n-type perovskite oxides  (LaNO3, 
 LaCrO3,  LaFeO3, and  LaMnO3) was 0.54 mA/cm2. Recently, 
novel p-type perovskite semiconductors were used for PEC 
water splitting [21]. Maeda et al. [22] used a stable p-type 
semiconductor Rhodium-doped barium titanate  (BaTiO3:Rh) 
photocatalyst for water splitting and hydrogen production.

From specialized investigations, Ag can substitute for La 
ions. The ionic radii of  Ag+ and  La3+ in 12-coordination are 
1.22 and 1.36 Å, respectively [23]. The structural, magnetic, 
and electrical properties of doped  MnO3 manganese oxides 
have attracted attention for a range of applications. Ag can 
be used as an electrode material because it is stable in alka-
line solutions, and it increases the electrical conductivity 
of the composite [24]. Perovskites have been synthesized 
using various processes, including solid phase, carbon-
ate co-precipitation, and sol–gel methods. In comparison, 
a wet chemical method allows control of the kinetics and 
thermodynamic parameters during the reaction. This will 
helped to take control over the size and shape of the pro-
duced nanoparticles.

Based on the best of our knowledge, no one reported the 
photoelectrocatalytic properties of  La1-xAgxMnO3 in alka-
line medium.

In this study,  LaMnO3 has been prepared and used as 
photoanode material for oxygen evolution reaction and the 
effect of Ag doping on its properties and photoelectrocata-
lytic activity has been addressed.

2  Materials and methods

2.1  Materials

The following chemicals were utilized in this study: lan-
thanum (III) nitrate hexahydrate 99.99% ((La(NO3)3·6H2O, 
Sigma–Aldrich, Germany), stearic acid  (C18H36O2, 
Sigma–Aldrich, Germany), silver nitrate  (AgNO3, 
Sigma–Aldrich, Germany), Nafion (Sigma–Aldrich, Ger-
many), manganese(II) nitrate tetrahydrate (Mn(NO3)2·4H2O, 
Loba company, India) and ethanol  (C2H5OH, VWR chemi-
cals, EU). All chemicals were of analytical grade and used 
as received.

2.2  Synthesis of perovskite nanomaterials

The nanoparticle polycrystalline perovskite compounds 
 [La1-xAgxMnO3] (0.00 ≤ x ≤ 0.09) were synthesized using a 
wet chemical method [25]. Lanthanum (III) nitrate hexahy-
drate, manganese (II) nitrate tetrahydrate, and silver nitrate 
were dissolved separately in 20 ml of bi-distilled water 
according to the stoichiometric ratio and then mixed. Molten 

stearic acid (0.4 mol) was added to the mixture. Stirring 
continued until a black, uniform mixture had formed. The 
resulting mixture was heated to 120 ℃ in an oven for 3 h. 
The output materials were cooled to room temperature and 
heated again in an oven at 400 ℃ for 12 h to obtain the dried 
gel. The gel was then calcined at 800 ℃ for 2 h [26]. The 
resulting powders were ground and washed with a water/
ethanol mixture (2:1) because they were not in a single phase 
according to XRD. Subsequently, the specimens were dried 
at 100 °C for 1 h and calcined at 950 ℃ for 3 h to obtain the 
 La1−xAgxMnO3 nanoparticles. The samples from the syn-
thesis process were labeled x = 0.00, x = 0.03, x = 0.06, and 
x = 0.09.

2.3  Characterization of the prepared materials

The crystallinity and phases identification of obtained 
samples were characterized by X-ray diffraction (XRD, 
PANalytical Empyrean, Netherlands) using CuKα radiation 
(λ = 1.54060 Å) at an accelerating voltage and current of 
35 kV and 30 mA, respectively. The scan range was 5° to 80° 
at a scan step of 0.04°, with 0.5 s per step. The morphologies 
of prepared samples were analyzed by high-resolution trans-
mission electron microscopy (HR-TEM, JEM-2100, JEOL, 
Japan) at an acceleration voltage of 200 kV. Field-emission 
scanning electron microscopy (FE-SEM, ZEISS Sigma HD, 
Germany) was performed at acceleration voltages of 1–3 kV 
in high vacuum mode to characterize the morphology of 
prepared samples. Elemental analysis was performed by 
energy-dispersive X-ray spectroscopy (EDX, SAMx IDfix, 
France) mounted on the SEM with an acceleration voltage 
of 15 kV. Brunauer–Emmett–Teller (BET, Quantachrome 
V- 1.21, USA) analysis was performed to determine the pore 

Fig. 1  XRD pattern of  La1-xAgxMnO3 manganite *Mn3O4
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Fig. 2  HR-TEM micrographs 
of  La1-xAgxMnO3 manganite. a 
x = 0.00 b x = 0.03 c x = 0.06 d 
x = 0.09
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volume, pore size distribution, and the surface area. The 
ultraviolet–visible (UV- vis) diffused reflectance spectra 
(DRS) were obtained from ultraviolet–visible spectrometer 
(Jasco V-750, USA) spectral range from 190 to 1800 nm.

2.4  Electrode preparation

The working electrodes were prepared by mixing 2.0 mg 
of the prepared powder (x = 0.00, x = 0.03, x = 0.06, and 
x = 0.09) with 400 μL of ethanol and 10 μL of Nafion solu-
tion (5 wt. %), at room temperature and the mixtures were 
sonicated for 30 min. Subsequently, 30 μL of the sonicated 
suspension was pipetted out (5 μL) every time and dripped 
onto a fluorine-doped tin oxide (FTO) surface (1  cm2) where 
it was allowed to dry for 30 min at 80 ℃ before use.

2.5  Photoelectrochemical study

An Autolab potentiostat (PGSTAT302 N) was employed 
to record all photoelectrochemical measurements, which 
included a three-electrode cell comprising a working elec-
trode (x = 0.00, x = 0.03, x = 0.06, and x = 0.09) on the FTO 
surface, Ag/AgCl as the reference electrode, and platinum 
wire (Pt) as a counter electrode. All electrodes were sub-
merged in a 0.5 M  NaSO4 electrolyte (pH = ~6.5) in a Teflon 

photoelectrochemical cell and matched with a window 
for illumination. The photocurrent–potential curves were 
obtained by fluctuating the applied potential from (− 0.6 
to 1 V) vs. Ag/AgCl electrode under illumination and dark 
circumstances. Solar simulation was achieved with a 150 W 
Xenon lamp paired with an air mass 1.5 global filter (New-
port, USA) on a 1  cm2 area of the working electrode. The 
simulator intensity was adjusted to one sun (100  mWcm−2) 
using a digitalized portable energy meter console (Thorlabs, 
PM100D, USA) linked with a highly sensitive calibrated 
thermometer (Thorlabs, S310C, USA). Electrochemical 
impedance spectroscopy (EIS) was carried out at 0.9 V vs. 
Ag/AgCl over the frequency range, 0.05 Hz to 120 kHz, with 
an amplitude of 10 mV.

3  Results and discussion

3.1  Structural analysis

XRD revealed the patterns of the Ag- doped  LaMnO3 
 (La1-xAgxMnO3), as shown in Fig. 1, where (0.00 ≤ x ≤ 0.09). 
All sharp XRD peaks of samples were observed between 
22.94° and 77.97°. The samples crystallized in a homoge-
neous/hexagonal structure according to the standard card of 

Fig. 3  FE-SEM micrographs for  La1-xAgxMnO3 manganite. a x = 0.00 b x = 0.03 c x = 0.06 d x = 0.09
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 La0.85Ag0.15MnO3 (JCPDS NO. 01–084-8724). Secondary 
phases of manganese oxides  (Mn3O4) were indicated by the 
relevant small peaks. The perovskite lattice has a solubil-
ity limit for Ag with a large ionic radius. The experimental 
results from this investigation agree with previous reports 
[25, 27–31]. Based on the Scherrer equation [32], the aver-
age crystallite sizes were 54.6, 51.2, 59.5, and 42.8 nm for 
x = 0.00, 0.03, 0.06, and 0.09, respectively. XRD demon-
strated that with increasing Ag doping, certain XRD peaks 
for the  LaMnO3 matrix broadened, indicating the nanocrys-
talline structure of the synthesized nano samples. The lat-
tice parameters, unit cell volume, theoretical density, and 
tolerance factor are reported [25]. The previously mentioned 
variables for the samples were relatively constant, reflect-
ing the stability of the layered structure. However, slight 
alterations were noted because of the limited amount of Ag. 
We expected that for large (Ag content), large peaks for a 
secondary phase will appear, indicating non-stoichiometric 
perovskite.

3.2  Morphological characterization

Figures 2 and 3 show the HRTEM and FESEM images of 
 La1-xAgxMnO3 nanoparticles, respectively. The large parti-
cles had a geometric form with sharp edges (Fig. 2). How-
ever, a closer look revealed the hexagonal symmetry, which 
is in good correlation with the analysis of X-ray data as the 
manganite adopted the R 3 c space group as a part of the 
rhombohedral–hexagonal crystal symmetry. The four dif-
ferent samples had the same distribution and shape with 
extraordinary crystallinity of the particles at nano size. Cer-
tain agglomeration may be obtained from the shortage of 
surfactant combined with the high-temperature annealing. 
The particle size variation was attributed to the difference in 
the ionic radii of  Ag+ and  La3+ on the equivalent lattice sites. 
The size decreased with increase in Ag content because of a 
small concentration of  Mn3O4 secondary phase on the grain 
boundaries.

FESEM demonstrated that the grains were stacked with 
clear boundaries (Fig. 3). The major observation was the 

O 

Mn

Mn

Mn

Ag
Ag

La

La

La
La

keV0

500

1000

1500

2000

2500

3000

3500

4000

0 8.984

O 

Mn

Mn

Mn

Ag
Ag

La

La

La
La

keV0

500

1000

1500

2000

2500

3000

3500

4000

0 8.984

O 

Mn

Mn

Mn

Ag
Ag

La

La

La
La

keV0

500

1000

1500

2000

2500

3000

3500

4000

0 8.984

O 

Mn

Mn

Mn

Ag
Ag

La

La

La
La

keV0

500

1000

1500

2000

2500

3000

3500

0 8.984

(a) (b)

(d)(c)

Fig. 4  EDX spectrum of  La1-xAgxMnO3 manganite. a x = 0.00 b x = 0.03 c x = 0.06 d x = 0.09
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hexagonal features, which provide evidence of the layered 
pattern of perovskite. As the Ag content was increased, 
additional compactness and the formation of layers were 
observed along with a small amount of impurities on the 
grain boundaries because the secondary phase diffused 
out of the grains via the pinning diffusion mechanism. The 
existence of all elements in prepared samples  La1-xAgxMnO3 
(x = 0.00, 0.03, 0.06, and 0.09) was investigated by EDX, 
as shown in Fig. 4. All elements (La, Ag, Mn, and O) were 
present without losses during annealing, highlighting the 
quality of the synthesis process.

3.3  Surface area measurements

Figure 5a shows the  N2-adsorption–desorption isotherms 
of  La1-xAgxMnO3 nanoparticles. All the samples showed 
type IV isotherms with an H3-hysteresis loop, demonstrat-
ing mesoporous structures with regular pores (2–50 nm) 
[33, 34]. The specific surface areas of the samples were 
calculated using the BET theory. The average pore radius 
and total pore volumes were obtained using the Bar-
rett–Joyner–Halenda (BJH) equation, as listed in Table 1. 
The average pore radius, specific surface area, and pore 
volume were affected by the Ag molar ratio. The largest 
surface area was observed for x = 0.03, but the pore radius 
was relatively unchanged. Hence, Ag was a good choice 
for tailoring the surface properties of perovskite.

The non-uniform changes in the surface area and pore 
volume with the Ag content were acceptable for the sam-
ples annealed at 950 ℃ because a high-density ceramic 
with magnetic properties was obtained. Moreover, a small 
amount of secondary phase was always present on the 
grain boundaries, which helped blocking some surface 
pores.

Figure 5b shows the pore size distribution for all samples, 
with the half pore radius ranging from 2.5 to 19 nm, dem-
onstrating hierarchical porous structures, which have been 
shown to play a vital role in improving the photochemical 
characteristics by enhancing electron and ion transport [20]. 
A highly porous nanostructure can provide a large space for 
electrolyte transport in the electrode material, allowing the 
efficient use of electro-active materials and achieving high 
electrochemical performance [35].

3.4  Optical properties

The optical properties of prepared samples were char-
acterized by UV–vis (DRS), as shown in Fig.  6. The 
Kubelka–Munk method was used to examine the optical 
properties [36]. The Kubelka–Munk equation for any wave-
length is represented by Eq. 1.

where F(R) is Kubelka–Munk function, and (R) is the abso-
lute reflectance of the compounds. A high absorption peak 
was detected for all samples around ~ 280 nm, indicating that 
the most extreme absorption edge is in the ultraviolet region 

(1)F(R) =
(1 − R)2

2R

Fig. 5 a  N2 adsorption–desorption isotherms of  La1−xAgxMnO3 man-
ganite. b Pore size distributions for  La1−xAgxMnO3 manganite

Table 1  The values of Surface area, Average pore radius and Total 
pore volumes for  La1−xAgxMnO3 manganite samples

x SBET  (m2/g) Average pore 
radius (nm)

Total pore 
volume 
 (cm3/g)

0.00 5.70 1.685 0.012
0.03 7.53 1.68 0.014
0.06 3.23 2.26 0.008
0.09 5.64 1.675 0.013
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[26]. This could be due to the charge transfer interaction 
between  O2− (2p) and  Mn3+(3d). The optical band gap  (Eg) 
of all samples was calculated using Tauc’s plot of (F(R) 
hν)2 vs. (hν) and an extrapolation of the linear sections of 
the curve to the energy axis using the equation below [26, 
37, 38]:

where (hυ) is the energy of a photon, (n) is a constant 
related to different types of electronic transitions, and (A) 
is an energy independent constant. Herein, the value of (n) 
is a clear evaluation of the transition type: n = 1/2 indicates 
a direct transition; n = 2 indicates an indirect transition; 
n = 3/2 denotes a direct forbidden transition; n = 3 is for 
an indirect forbidden transition. Figure 7 shows the Tauc’s 
plot of the sample. The optical bandgaps for x = 0.00, 0.03, 
0.06, and 0.09 were 2.670, 2.664, 2.661, and 2.660 eV, 
respectively. The optical band gap decreased with increase 
in Ag dopant concentration. The interaction between 
 LaMnO3 and Ag nanoparticles is primarily responsible for 
the change in bandgap. The Ag nanoparticles produced the 

(2)[F(R)h�]n = A(h� − Eg)

Fig. 6  Diffuse reflectance spectra of  La1-xAgxMnO3 manganite in the 
IR-vis region at room temperature

Fig. 7  The plot of (F(R)hν).2 vs. photon energy (hν) of  La1-xAgxMnO3 manganite. a x = 0.00 b x = 0.03 c x = 0.06 d x = 0.09
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trap levels between the conduction and valence bands of 
 LaMnO3. This decrease indicates the enhancement in the 
electronic properties (high transport ability of electrons 
in the  La1-xAgxMnO3 structure by the presence of silver). 
Thus, with decreasing the bandgap energy, a wide range 
of light can be absorbed by  La1-xAgxMnO3. Moreover, Ag 
is a plasmonic nanomaterial and it has excellent absorb-
ing capability for the light. Thus, the presence of Ag in 
 La1-xAgxMnO3 improving the light absorption properties 
of  La1-xAgxMnO3.

In the present case, n = 2, Ag-doped  LaMnO3 is char-
acterized by an indirect allowed transition.  Ag+ is the 
key factor contributing to the Fermi level and its position 
between valence and conduction band. The optical band 
gap did not significantly change; only a slight decrease was 
observed. This was attributed primarily to the very low 
Ag content (0.00 ≤ x ≤ 0.09). The largest Ag concentra-
tion x = 0.09 will lead to La (0.91), which is only a small 
change in the A cation concentration. Another plausible 
explanation is that the samples were annealed at 950 °C, 
which is sufficient to obtain a high dense, compactness, 
lower porosity, and opacity.

3.5  PEC water splitting

Figure 8a shows the linear sweeps voltammograms (LSV) 
curves recorded under chopped light conditions for all 
samples, demonstrating a gradual increase in the pho-
tocurrent densities for  LaMnO3 after Ag doping. Pure 
 LaMnO3 exhibited a photocurrent density of 13 μA  cm−2 
at 1 V vs. SCE. After Ag addition, the current density 
gradually increased to the same potential because of the 
electron-accepting nature of Ag and its high conductivity 
that facilitates charge carrier transport [39]. Accordingly, 
the electron–hole recombination rate decreased. When 
the nanocomposite was doped with Ag = 0.06 and 0.09, 
the photocurrent density showed the highest enhance-
ment up to 18.5 μA  cm−2 at the same potential, which is 
≈ 42.3% higher than that of pure  LaMnO3. Compared to 
previously published perovskites [40], the photocurrent 
of Ag-doped  LaMnO3 was improved owing to the smaller 
bandgap. The photoelectrochemical activity and stability 
of the fabricated photoanodes were assessed by testing the 
materials under chopped light conditions at 1 V vs. SCE, 
as shown in Fig. 8b. An instantaneous photocurrent was 
generated when the light was turned on. All samples were 
highly responsive to light, as observed by the increase in 
current and instant decrease when the light is switched 
on and off, respectively [41]. The spikes at the beginning 
of illumination indicate that some of the photo-produced 
holes at the electrode surface are filled with photogenerated 
electrons from the conduction band before being trans-
ferred to the electrolyte and occupied with electrons of the 

electrolyte-reduced species [42, 43]. The results indicate 
that the photocurrent produced by (x = 0.09) was highest, 
agreeing with Fig. 8a. This enhancement could be attrib-
uted to the increased rate of photogenerated electron–hole 
separation and efficient visible light harvesting.

The electrochemical impedance spectroscopy (EIS) 
was measured to evaluate the recombination of charge 
carriers in the photoanode and the charge transfer kinet-
ics. All measurements were conducted in an aqueous 
solution of 0.5 M  Na2SO4 under illumination in the fre-
quency range between 0.05 Hz and 120 kHz. Figure 9 
shows the Bode phase diagrams and Nyquist plots for all 
the electrodes used. The Nyquist plot was used to evalu-
ate the charge transfer resistance, as shown in Fig. 9a. 
The smaller impedance trend of the sample (x = 0.09) 
photoanodes than the sample (x = 0.00) was attributed 
to Ag doping, which displayed a considerable decrease 
in charge transfer resistance. A probable reason could 
be the initiation of a new conduction path in the highest 

Fig. 8  a Linear sweep voltammograms of all prepared photoelec-
trodes. Light UV + Vis ( ON–OFF) b Chronoamperometry (ON–
OFF) Light UV + Vis
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Ag ion content, either intragranular and/or intergranular. 
The primary conduction mechanism is valence exchange 
 Mn3+  ↔  Mn4+  +  e− because the  Mn3+/Mn4+ ratio was 
almost constant with increasing Ag in the perovskite lat-
tice. Therefore,  Ag+ acts as a conductive network that 
interconnects the insulating grains of  LaMnO3.

Figure 9b shows the appropriate Bode phases of the 
utilized photoanodes. The electron lifetimes (τ) of the pre-
pared samples used as photoelectrodes were determined 
based on the associated maximum frequency using the 
equation below [44, 45].

where fpeak is the maximum frequency of the characteristic 
peak in the mid-frequency range (0.05–120 kHz). The peak 
position appears to be a lower frequency with increasing Ag 
content. Table 2 list the values of electron lifetimes (τ) and 

(4)� =
1

(2�fpeak)

the full width at half maximum (FWHM), which were cal-
culated from the peak broadening at full maximum for each 
sample. The electron lifetime (τ) increased with increasing 
Ag concentration, where x = 0.09 has the largest electron 
lifetime (τ) = 10.04 ms. Therefore, the electron–hole recom-
bination rate of  La0.91Ag0.09MnO3 is lower than  LaMnO3. 
The contribution of the current in manganites is related to 
multiple factors. The first is the intensity of incident light, 
number of charge carriers, and their type and mobility. 
Another plausible explanation could be the probable exist-
ence of oxygen vacancies generated during the annealing 
process. These vacancies act as trapping centers for the elec-
trons generated from  Mn3+ and  Mn4+ ions.

Chronoamperometric measurements were used to deter-
mine the photocurrent stability of all photoanodes at 1 V 
vs. Ag/AgCl in a 0.5 M  Na2SO4 electrolyte under con-
stant illumination of one synthetic sun (one sun) for 1 h. 
Figure 10 shows all the photoanodes samples exhibited 
an obvious long-term stability for 1 h. This demonstrated 
that  La1-xAgxMnO3 photoanode was chemically stable 
under these experimental circumstances. The photocur-
rent density recorded (14.01, 12.02, 11.67, and 10.28 μA/
cm2) for x = (0.09, 0.06, 0.03, and 0.00), respectively. The 
increase in photocurrent was almost 36.3%, corresponding 

Fig. 9  a Nyquist and b Bode (phase angle versus frequency) dia-
grams of the EIS data obtained for the x = 0.00, 0.03, 0.06, 0.09 pho-
toelectrodes at 1VAg/AgCl in 0.5 M  NaSO4 under illumination

Table 2  EIS fitted electrochemical parameters of photoelectrodes 
consisted of  La1−xAgxMnO3 manganite samples

x fpeak (Hz) (FWMH) τ (ms)

0.00 31.60 486.38 5.03
0.03 25.11 401.82 6.33
0.06 19.95 354.14 7.97
0.09 15.84 479.25 10.04

Fig. 10  Stability tests at 1.0 V/SCE
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to 0.09 wt. % of Ag. Maybe 1 h as a stability test is just an 
indicator for the stability of the electrode materials but, 
in our next study we will prolong the stability test for 24 
or even 100 h in order to sand on the real stability of the 
photoanode material.

The comparison with reported literature was carried out 
(the crystal size, surface area, and photocurrent density) in 
Table 3.

4  Conclusion

The straightforward synthesis of Ag-doped  LaMnO3 
with a perovskite structure was performed. The samples 
belong to the rhombohedral/hexagonal crystal symmetry. 
All samples demonstrated excellent crystallinity, regard-
less of their doping ratio and despite the small crystallite 
size. The pore size for all samples was < 3 nm, indicating 
mesoporous nature of the structures. The increase in Ag 
doping content resulted in the monotonic narrowing of 
the optical bandgap. The photocurrent density increased 
by 36.3% with 0.09 wt. % Ag doping compared to the 
undoped parent  LaMnO3. All samples demonstrated long-
term stability for 1 h. A longer lifetime of 10.04 ms was 
recorded for the largest Ag content. Nevertheless, further 
investigations of different metallic dopants in  LaMnO3 
with versatile morphologies will be required.
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