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Abstract 

This paper presents the results of a photoelectrocatalytic study for a cop-
per-silver system obtained in the form of microtubes using electrochemi-

cal template synthesis. CuOx/Cu hollow microtubes (HT) decorated with 
nanoscale silver particles by electrodeposition demonstrate the cathode 

photocurrent in 7.6 uAcm–2 when using LED light sources in the UVA-Vis 
spectral region and low polarization values. It was shown that the highest 
intensity of the photoresponse is achieved in the visible region at a wave-

length of 450 nm. The stability test suggests that the retention of Ag/CuOx-
HT is 95% after 12 hours of functioning. 
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1. Introduction 

Considering hydrogen as a fuel for the energy industry of 

the future, one of the main tasks is to efficiently, eco-

friendly and economically produce it by various physico-

chemical methods. Electrocatalytic and photocatalytic 

methods are deemed to be the most promising. In the 

framework of these techniques, electrode and photoactive 

materials are being developed that can reduce the economic 

and energy costs of hydrogen production. Many works have 

been devoted to the research of oxide and metal oxide sys-

tems as photoelectrode materials for water splitting. These 

works are mainly dedicated to photoanodes based on tita-

nium, zinc, and cadmium oxides [1–5] and photocathodes 

based on copper oxides [6–10]. An important aspect in the 

development of materials for photoelectrocatalysis is the 

surface area of the catalyst and the presence of potentially 

active reaction centers on it. In the synthesis of electrode 

materials, it makes sense to aspire to 2D and 3D structures 

enhanced by nanocrystalline defects that can act as active 

centers [11-15]. The authors of [13] report the fabrication of 

a flexible and photosensitive electrode for electrocatalysis 

using efficient, robust, and photosensitive two-dimensional 

molybdenum disulfide (2D-MoS2) nanosheets and flexible, 

lightweight, large area, and conducting Ag metal coated cel-

lulose paper. The MoS2/Ag cathode shows enhanced hydro-

gen evolution reaction activity under visible light and facil-

itates a faster catalytic reaction. 

Doping of the photoactive matrix with noble metals is 

practiced as a way to improve the catalytic properties of 

electrode materials. Recently, the addition of gold and/or 

silver particles has been used for photocathodes based on 

copper oxides. It was noted [16–24] that Ag-doping results 

in minimal changes to the bandgap and bandgap energies. 

Improved conductivity and photoresponse (up to 4 times) 

compared to undoped samples were recorded. A high do-

pant concentration reduces performance due to recombina-

tion centers, which inhibit the increased charge-separation 

efficiency. Au was also found to reduce the recombination 

phenomenon. Computational studies indicate that the elec-

tronic structure of Au-doped Cu2O is affected in a manner 

almost identical to that observed for Ag. 

This study is a logical continuation of the work published 

previously [25]. Modification of the surface of copper micro-

tubes with silver particles has improved the electrochemical 

characteristics of the material when functioning as a photo-

cathode in a water splitting reaction. In this paper, we demon-

strate for the first time the possibility of using electrochemical 

template synthesis as a method for producing photoactive 

electrode materials suitable for the process of water splitting, 

with a particular focus on hydrogen production. 
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2. Experimental  

2.1. Synthesis of Ag/CuOx - HT 

Hollow copper microtubules, produced by the electrochem-

ical template synthesis technique described in the paper 

[25] were used as a precursor in this study. Microtubes with 

copper oxides were decorated by silver particles via elec-

trodeposition. A solution of silver sulfosalicylic complex 

was used as an electrolyte (Table S1). The anodes were sil-

ver plates. The process was performed at a current density 

of 5 mAcm–2 for 1 min using a magnetic stirrer. Next, two-

step rinsing was executed in warm (60 °C) and room-tem-

perature (25 °C) distillate followed by drying at 105 °C for 

1 h. The hollow tube samples before and after modification 

were labeled as CuOx-HT and Ag/CuOx-HT. The experi-

mental procedure is illustrated in Figure S1. 

2.2. Characterization methods 

The structure and morphology of the synthesized samples 

were studied using a scanning electron microscope TESCAN 

SEM with the VEGA 3 SBH microanalyzer (EDX-mapping). 

The SEM measurements were carried out at an operating 

voltage of 30 kV, with magnification up to 40kx. The EDX 

test was fulfilled at a similar operating voltage in the en-

ergy range of 10 keV with 2048 operating channels and a 

data accumulation time of 2500 seconds. 

XRD analysis was performed on powdered samples us-

ing the Bruker D2 Phaser instrument base. The measure-

ment was carried out on a cobalt tube (Co Kα radiation, 

λ = 0.17889 nm), accelerating voltage 30 kV, current 

10 mA, angle range 10–60°, step 0.01°, speed 2° per minute. 

For further analysis, the results were recalculated for the 

radiation of the copper tube (Cu Kα radiation, 

λ = 0.15405 nm). The diffractograms were processed using 

a pseudo Voigt profile. Quantitative analysis and calcula-

tion of the unit cell parameters were performed using the 

Rietveld method. The crystallite sizes were calculated ac-

cording to the Scherrer equation. 

The diffuse reflectance spectra (DRS) of the samples 

were obtained using an Avaspec-ULS2048 spectrophotom-

eter equipped with an AvaSphere-30 integrating sphere in 

the range of 300–800 nm. The bandgap energy (Eg) was de-

fined using a plot in Tauc coordinates ([F(R)hv]n – hv ) us-

ing the Kubelka-Munk function. 

2.3. Photoelectrochemical testing 

The photoelectrochemical (PEC) performances of the syn-

thesized materials were tested by voltammetry and electro-

chemical impedance spectroscopy in dark/irradiation mode 

using an Elins P-45X galvanostat-potentiostat with iR com-

pensation. A Pt plate and AgCl/Ag (E0
AgCl/Ag = 0.197 V) were 

used as a counter electrode and a reference electrode, re-

spectively. The solution of 0.5 M Na2SO4 (pH = 7) acted as 

an electrolyte in all electrochemical measurements. The 

light sources used were 3 W LEDs with wavelengths of 365, 

450, 525, 570 nm, as well as a Uniel A60-9W-UVAD LED 

lamp with a maximum intensity at a wavelength of 410 nm. 

The working electrode was fabricated by applying a sus-

pension of the active material with a binder (LIQUION LQ-

1115) to ITO-glass in a ratio of 1 mg per 40 µL. To form a 

stable suspension, we performed ultrasonic treatment for 

20 min and stirring on a Vortex mixer immediately before 

application to ITO-glass. Ultrasonic treatment in ethanol 

for 5 min was used as a preliminary preparation of ITO-

glass. The suspension applied to ITO-glass (V = 40 µL) was 

dried using a laboratory heating plate for 5 min. The selec-

tion of ITO glass as a substrate for photoelectrochemical 

testing is due to its higher electrical conductivity compared 

to FTO and AZO materials 

Voltammetry was performed in the potential range from 

–0.8 to 0.1 V vs AgCl/Ag with a sweep rate of 10 mVs–1. For 

the impedance measurement, the alternating current signal 

with a bias of –0.65 V vs AgCl/Ag and an amplitude of 5 mV 

with a frequency ranging from 1 mHz to 1 MHz was applied 

to the electrochemical cell. The results of impedance meas-

urements were processed in the EIS Spectrum Analyzer 

software. Voltammetric and impedance measurements 

were executed with and without irradiation by 9W Uniel-

UVA lamp. The photoresponse was measured at a bias of  

–0.65 V vs AgCl/Ag and using LEDs with the abovemen-

tioned wavelengths. The photocurrent stability test was 

performed in potentiostatic mode at a bias of –0.65 V vs 

AgCl/Ag and using 9 W Uniel-UVA lamp for 12 h.  

To determine the flatband potential (Efb), the Mott-

Schottky plot in coordinates 1/C2 – E vs RHE was used at the 

intersection point with Х-axis at frequency of 1000 Hz in 

the potential range from 0 to 1.5 V vs AgCl/Ag. The meas-

urements were carried out in the dark mode. For the Mott-

Schottky plot, the expression was used 

1

С2
= (2π ∙ 𝑓 ∙ 𝐼𝑚)2, 

(1) 

where f is the signal frequency, Hz, and Im is the imaginary 

component of the impedance hodograph, Ohm. 

To convert the potential from the AgCl/Ag scale of the 

electrode to the reversible hydrogen electrode (RHE) scale, 

the formula was used: 

𝐸 vs RHE = 𝐸AgCl/Ag + 0.197 + 0.0591pH. (2) 

The photoresponse was calculated as the current differ-

ence during irradiation and without it according to the ex-

pression 

𝐼ph = 𝐼light − 𝐼dark. (3) 

The photocurrent density was calculated using the pho-

tocurrent value and the visible surface area of the ITO-

coated substrate, which was equal to 1 cm²: 

𝑗ph =
𝐼ph

𝑆
. 

(4) 
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3. Results and Discussion 

Figure 1 shows the results of a study of the morphology and 

chemical composition in the surface of copper microtubes 

before and after modification by silver nanoparticles. Dur-

ing the electrodeposition of silver, the morphology of mi-

crotubes changes. A decrease in the wall thickness of mi-

crotubes is observed due to electrolytic cementation reac-

tions (Cu0 + 2Ag+ = Cu2+ + 2Ag0) and chemical etching of 

copper in an ammonia buffer occurring in parallel with the 

main process. The wall thickness of the microtube de-

creases from 1 to 0.75 µm. The silver particles formed on 

the microtube surface have an average size of 600 nm. 

According to the results of the EDX analysis (Figure S2), 

silver nanoparticles are evenly distributed over the micro-

tube surface, and the presence of copper oxides formed due 

to side chemical reactions is also observed. 

The XRD analysis results (Figure 2) allow us to clarify 

that the surface copper oxides are represented as cubic 

Cu2O (Pn-3m) with characteristic intense peaks at angles of 

36.44 and 42.33 degrees (ICSD 261853). In addition, the XRD 

patterns show the presence of two metallic phases, Cu-cubic 

(Fm-3m) and Ag-cubic (Fm-3m). The Cu-cubic phase has char-

acteristic peaks at 43.3 and 50.43 (ICSD 426938), and Ag-cubic 

at 38.11 and 44.3 (ICSD 181730) degrees, respectively. 

The calculation of the phase content in the sample 

demonstrates values consistent with the data obtained by 

EDX and SEM methods. In particular, the redistribution of 

copper from metallic to oxide form is observed, and the 

mass content of silver , according to the refinement results, 

ranges from 15 to 7%. The results of the Rietveld refine-

ment are presented in Table S2.  

The average size of the copper crystallites in the 111 di-

rection for the samples before and after modification is 28 

and 23 nm, respectively. The formed silver nanoparticles 

have an average crystallite size of 21 nm. At the same time, 

the crystallinity index (Ic) decreases from 95 to 90%, which 

indicates the formation of an amorphous Cu2O phase. 

The formation of Cu2O is due to the oxidation reaction 

of copper microtubes or the reduction of the passivation 

layer in the electrolytes used for electroreduction and silver 

plating. In both cases, the media used is alkaline (pH > 9), 

which causes reactions: 

2Cu + 2OH− = Cu2O + H2O + 2e (5) 

for freshly recovered copper or  

2Cu(OH)2 + 2e = Cu2O + H2O + 2OH− (6) 

for passivated copper surface in the process of silvering the 

surface of microtubes. 

Figure S3a and Figure S3b show the results of spectros-

copy for Ag/CuOx-HT sample. The analysis of DRS demon-

strates that the most light absorption occurs at a wave-

length of 465 nm, which is consistent with the obtained 

bandgap energy from the Tauc plot equal to 2.38 eV. 

 
Figure 1 The SEM images of CuOx-HT (a–c) and Ag/CuOx-HT (d–f). 
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Figure 2 Survey (a) and comparative (b) XRD patterns of CuOx-HT 

and Ag/CuOx-HT samples. 

In this case, the electronic transition is direct. The ob-

tained value is confirmed by the results of other authors 

[26] and is mainly due to the presence of Cu2O on the sur-

face. 

The analysis of the Mott-Schottky plot, combined with 

the results from the DRS, allows us to illustrate the photo-

electrochemical reaction using an energy diagram. The neg-

ative slope of the plot (Figure S3c), in coordinates of 1/C2 – 

E vs RHE, indicates that Ag/CuOx-HT is a p-type semicon-

ductor. The flatband potential (EFB), measured versus RHE, 

is 2.18 eV. For flatband of p-type semiconductors, this po-

tential is near the position of the valence band (EVB). There-

fore, the position of the conduction band (ECB) can be cal-

culated using the following equation: 

𝐸CB = 𝐸VB − 𝐸g  ≈  𝐸FB − 𝐸g (7) 

and is equal to -0.2 eV (Figure S3d). 

When a semiconductor and a metal particle come into 

contact, a Schottky barrier can form in the new material 

due to the different Fermi levels of Cu2O and silver nano-

particles. Therefore, there is a rectification of charge car-

rier transfer, where the energetic difference at the inter-

face between the semiconductor and metal drives electrons  

 

from the conduction band of Cu2O into the silver nanopar-

ticles. In the structure of Ag/CuOx-HT, silver acts as an elec-

tron trap, minimizing the recombination of electron-hole 

pairs and improving photoelectrochemical efficiency. 

The photoresponse of Ag/CuOx-HT compared with CuOx-

HT (Figure S4) demonstrates an increase in photocurrent 

in the range of 365–570 nm with a maximum value differ-

ence of two times at a wavelength of 450 nm. Based on the 

results obtained, a more detailed study was carried out us-

ing a more powerful LED lamp with a characteristic wave-

length of 410 nm.  

Figures 3a and 3b present the chronoammetric plot and 

polarization curves for Ag/CuOx-HT. It can be seen that with 

increasing lamp power the photoresponse rises, and in the 

stationary mode it is 7 uAcm–2, while in the scanning mode 

is 7.2 uAcm–2 at 0 V vs RHE.  

At the same time, there is a decrease in the absolute val-

ues of the Tafel slope and the exchange current density for 

the cathode process – the hydrogen evolution reaction (Fig-

ure 3c). The Tafel slope of 110 mVdec-1 corresponds to a re-

action following the Volmer-Tafel mechanism: 

M∗ + H2O + e ↔ MHads + OH− (Volmer step)  (8) 

2MHads ↔ M∗ + H2  (Tafel step)  (9) 

An increase in the logarithm of the exchange current 

density from –5.3 to 5.0 indicates an improvement in the 

reaction kinetics during irradiation of the working elec-

trode. The impedance spectra in Nyquist and Bode coordi-

nates (Figure 3d and 3e) indicate a 1.5-fold decrease in the 

resistance of the electrode material (from 16 to 10 kOhm) 

when irradiated. 

The stability test of the photoelectrode material under 

work conditions indicates that there is no degradation of 

the sample after 12 hours of operation with a nominal pho-

tocurrent density of 7.6 uAcm–2 (Figure 4a). The stability of 

the chemical composition and structure of the material was 

confirmed by the XRD results 95% (retention), which 

showed the presence of characteristic reflections before 

and after the test (Figure 4b). 

Table S3 compares the results of this study to those of 

similar or related systems in other publications. The other 

researchers generally use more powerful light sources, 

such as full-spectrum xenon lamps with a power of 300 W. 

In this context, the results obtained with 3-9 W LED lamps 

provide information about the potential of using Ag/CuOx-

HT. 

4. Limitations 

When performing this study, optimization of the conditions 

for decorating copper microtubes with silver particles was 

not carried out. A detailed analysis of PEC properties has 

not been performed yet. These limitations will be elimi-

nated with further research in the following publications. 
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Figure 3 Photoelectrochemical performances of Ag/CuOx-HT: sta-

tionary (On-Off) (a) and polarization (b) photocurrent curves, com-
parative bar of Tafel slope and exchange current density (c), 

Nyquist (d) and Bode (e) plot. 

 
Figure 4 Photocurrent stability testing (a) and XRD patterns (b) 

before and after long-term tests. 

5. Conclusions 

The surface of copper microtubules was modified to im-

prove photoelectrocatalytic properties by electrodeposi-

tion. It was shown that the presence of silver nanoparticles 

increases the photocurrent value by 2 times. The maximum 

value of the photoresponse was observed in the short-wave-

length region of the visible spectrum of 400-450 nm. Long-

term tests demonstrated the stability of the synthesized 

photocathode material. 
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