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CP-Ti and Ti-153 were adopted in this study to observe their electrochemical behavior in serving as the cathode for photovoltaic
hydrogen production.The designed cyclic hydrogenation-solution heat treating processes were performed to increase the hydrogen
uptake for both alloys. The results are as follows. (1) Both arsenic trioxide and thiourea showed hydrogenation promotive effect
on CP-Ti, while thiourea was an inhibitor for Ti-153 under the applied conditions. (2) Arsenic trioxide showed hydrogenation
promotive effect on both Ti-153 and CP-Ti in this study. (3) Ti-153 demonstrated superiority to CP-Ti when serves as the cathode
for photovoltaic hydrogen production. The hydrogen mass payload for Ti-153 is 68 times larger than that for CP-Ti.

1. Introduction

Theavailable renewable energy on the earth’s surface includes
the solar power, the wind power, and the hydroelectric
power which uses the fall of the river, tidal power, or ocean
current power. The wind power and hydroelectric power are,
however, significantly limited by the location on the earth, the
terrain, or the climate. The solar energy has less restriction
in contrast to the abovementioned power sources [1–5]. The
applications of sunlight can be divided into two parts: solar
thermal energy and photovoltaic (PV). The application of
the former is to transform solar energy to obtain heat which
could be used in air condition, offer the hot water, or run
a heat engine to make electricity [6–8]. PV energy systems
employ solar panels in directly converting the sunlight into
electricity [9, 10].

Since the solar power and thewind power are intermittent
energy which means it is interruptible and cannot be a stable
source due to the variation of the illuminance of sunlight
and the change of wind field, for the commercial feasibility
considerations, people have to store the energy when they
can give. Unlike other forms of energy, electricity must be
utilized when it is being generated or converted immediately

into another form of energy.The PV energy system is usually
equipped with an electrolyzer and a hydrogen storage tank
(see Figure 1) [1, 2, 11, 12]. Although the gaseous hydrogen
is convenient to store, transport, and apply, the inherent
low volume payload rate and high flammability are the
death wounds [13, 14]. It is safer to store hydrogen in solid
state, but the increase of hydrogen mass payload rate is still
technological challenge [15].

Electrolysis of aqueous sulfuric acid results in hydrogen
at cathode surface. The resulted hydrogen can be driven into
the cathode as solid solutes or hydrides by adequately adding
hydrogenation promoters and selecting cathodematerial [16–
20]. Ti-15V-3Al-3Cr-3Sn alloy (Ti-153), as a commonly used
𝛽-Ti alloy, was chosen in this study to compare with com-
mercial purity titanium (CP-Ti) to see the influences of the
chemical additives and cathode material on the electrolytic
hydrogen uptake.

2. Materials and Methods

The cathode materials in sheet form were received at rolled
and process annealed state.The specimens were sheared from
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Figure 1: Schematic diagram showing hydrogen gas produced and stored from renewable power.
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Figure 2: Schematic diagrams for (a) the process to monitor the variation of cathode potential versus time and (b) the cyclic hydrogenation-
solution heat treating process to increase the hydrogen uptake of cathodes.

the received sheets to be 40× 14× 1mm3 for CP-Ti, while they
are 62 × 16 × 0.4mm3 for Ti-153, vacuum annealed at 1000∘C
for 30 minutes and furnace cooled to room temperature.
The vacuum annealed specimens were abraded with emery
paper (up to grit 1200) and further lapped to minimize the
interference of surface oxides on hydrogenation. Table 1 listed
the chemical compositions of the as-received sheets. Table 2
summarized the surface roughness measured by employing a
profile measuring system (Dektek 150, Veeco).

The processing parameters listed in Table 3 were designed
to reveal the effect of the additives on the electrochemical

behavior of cathode and grouped into three sets accord-
ing to the additives in the electrolyte as follows: (1) no
additive in 1N H

2
SO
4(aq), denoted by S, (2) 1 N H

2
SO
4(aq)

by adding 0.005M arsenic trioxide (As
2
O
3
), denoted by A,

(3) 1 N H
2
SO
4(aq) by adding 0.01M thiourea (SC(NH

2
)
2
),

denoted by T, respectively. Electrolytic hydrogenation was
performed at 5mA/cm2 for 15 h in various electrolytes,
respectively. The preheat treatment was schematically shown
in Figure 2(a). Figure 2(b) showed the schematic diagram of
cyclic hydrogenation-solution heat treating processes. Elec-
trolytic hydrogenation of the cyclic process was performed
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Table 1: (a) Analyzed composition of the as-received CP-Ti sheet
(wt.%). (b) Analyzed composition of the as-received Ti-153 sheet
(wt.%).

(a)

H C N O Fe Ti
68 ppm 0.10 0.01 0.12 0.20 Balanced

(b)

H C N O Fe Al Cr Sn V Ti
0.015 0.05 0.04 0.11 0.25 3.1 3.0 2.8 14.5 Balanced

Table 2: Surface roughness of CP-Ti and Ti-153 sheet specimens
before hydrogenation.

CP-Ti Ti-153
𝑅
𝑎
(nm) 𝑅

𝑞
(nm) 𝑅

𝑎
(nm) 𝑅

𝑞
(nm)

134.7 ± 3.5 166.3 ± 3.8 162.6 ± 10.6 171.1 ± 15.0
𝑅𝑎: The arithmetic mean of the departure of the profile from the mean line.
𝑅𝑞: The root-mean-square parameter corresponding to 𝑅𝑎.

Table 3: Process designations and the associated parameters for
cathode potential monitoring.

Designations Parameters

O 𝛽 solution treated specimens ground by
emery paper to 1000 mesh

S Ground specimens cathodic charged in 1N
H2SO4(aq) at 5 A/cm

2 for 15 h

A
Ground specimens cathodic charged in 1N
H2SO4(aq) + 0.005M As2O3 at 5 A/cm

2 for
15 h

T
Ground specimens cathodic charged in 1N
H2SO4(aq) + 0.01M thiourea at 5 A/cm2 for
15 h

in 1N H
2
SO
4(aq) containing As

2
O
3
(0.1 g/L) at 50mA/cm2

for 30 h on CP-Ti specimens while for 10 h on Ti-153 ones
preventing the hydride layer from spallation or the specimen
from cracking. The subsequent solution treatments were
accomplished in a muffle furnace at 300∘C for 2 h. Table 4
listed designations and processing parameters of the cyclic
hydrogenation-solution processes.

The effects of processing parameters on the hydrogena-
tion behavior were evaluated qualitatively by utilizing X-ray
diffractometry (XRD: X’Pert PRO MPD, PANalytical, the
Netherlands, 45 kV-40mA) and 𝑉-𝑡 curve monitoring. The
quantitative cathodic behavior and hydrogen uptake of CP-
Ti and Ti-153 specimens were analyzed by the employment
of glow discharge optical spectrometry (GDOS: LECO GDS-
750).

3. Results and Discussion

Large amounts of hydrogen absorptionwould lead to the shift
and broadening of 𝛼 peaks and presence of 𝛿 peaks in the
XRD patterns of CP-Ti specimens. Patterns S, T, and A in
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Figure 3: XRD patterns for as-received specimens and those after
cathodic charged in various electrolytes: (a) CP-Ti and (b) Ti-153.

Figure 3(a) exhibited 𝛿 peaks in contrast to pattern O [17–
20]. The lower diffraction angle of the 𝛿 (220) peak implies
higher hydrogen content for the certain adopted process.
Both values of the relative peak height ratio, 𝛿 (200)/𝛼 (101),
and the angular position of 𝛿 (220) peak for S, T, and A
processes qualitatively corroborated stronger hydrogenation
promotive effect of arsenic trioxide than that of thiourea
on CP-Ti specimens. The cathodic potentials in Figure 4(a)
were A, T, and S in an ascending order, which means
that both arsenic trioxide and thiourea are hydrogenation
promoters during cathodic charging [19–22]. Figure 3(b)
showed the XRD patterns for Ti-153 specimens after S, T and
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Table 4: Designations and the associated parameters of the cyclic hydrogenation-solution treatments.

Process
designations The associated processing parameters

H Specimens hydrogenated at 5mA/cm2 for 30 h in 1N H2SO4(aq) by adding 0.1 g/L As2O3, followed by a solution heat
treatment at 300∘C for 2 h and then air cooled to room temperature

H3 Specimens processed three cycles according to H and then followed by a further hydrogenation at 5mA/cm2 for 30 h in
1N H2SO4(aq) by adding 0.1 g/L As2O3

I Specimens hydrogenated at 5mA/cm2 for 10 h in 1N H2SO4(aq) by adding 0.1 g/L As2O3, followed by a solution heat
treatment at 300∘C for 2 h and then air cooled to room temperature

I3 Specimens processed three cycles according to I and then followed by a further hydrogenation at 5mA/cm2 for 10 h in
1N H2SO4(aq) by adding 0.1 g/L As2O3

OCH3 𝛽 solution treated CP-Ti specimens ground by emery paper to 1000 mesh and then treated with H3 process
OBI3 𝛽 solution treated Ti-153 specimens ground by emery paper to 1000 mesh and then treated with I3 process
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Figure 4: V-t curves for (a) CP-Ti and (b) Ti-153 specimens
cathodic charged in various electrolytes.

A treatments. Electrolytic hydrogenation under the applied
conditions did not lead to precipitation of hydrides but to
a shift of 𝛽 peaks. The larger angle the peak shifted, the
larger amount of hydrogen the specimen absorbed [23]. The
angular shifts of all four 𝛽 peaks in Figure 3(b) were A, S
and T in a descending order, while the cathodic potentials
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Figure 5: Hydrogen depth profiles of CP-Ti and Ti-153 specimens
after cyclic hydrogenation and subsequent solution heat treatment.

in Figure 4(b) were A, S, and T in an ascending order. The
higher cathodic potentials and lower hydrogen absorption for
process T performed on Ti-153 specimensmean that thiourea
in 1N H

2
SO
4(aq) is a hydrogenation inhibitor for Ti-153

specimens under the conditions. Since arsenic trioxide was
a hydrogen promoter for both CP-Ti and Ti-153 specimens
during cathodic charging, it was chosen as the hydriding
catalyst added in the following cyclic hydrogenation-solution
heat treating processes to enhance hydrogen uptake.

Figure 5 showed the hydrogen depth profiles of OCH3
and OBI3 specimens after cyclic hydrogenation-solution
treatment. Quantitative hydrogen distribution curves were
obtained by employing GDOS. The analyses of hydrogen
uptake were accomplished by simply summing the specific
hydrogen content (SHC) from the specimen surface to the
maximumhydrogen diffusion depth (MHD) listed in Table 5.
The SHC can be derived from total hydrogen content (THC)
as shown in the following formula [24, 25]:

THC from layer 𝑜 to layer 𝑓

= THC
𝑑𝑜−𝑑𝑓
= ∫
𝑑𝑓

𝑑𝑜

𝐶
𝑥
𝑑𝑀 = ∫

𝑑𝑓

𝑑𝑜

𝐶
𝑥
(𝜌
𝑥
𝑑𝑉)

= ∫
𝑑𝑓

𝑑𝑜

𝐶
𝑥
(𝜌
𝑥
𝐴𝑑𝑥) ,

(1)
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Table 5: Values of MHD (𝜇m) and SHC for OCH3 and OBI3 proc-
esses.

SHC (mg/m2) of various specimens within various intervals below
the specimen’s surface (𝜇m)

OCH3 OBI3
MHD 12 MHD 90
SHC
0-1 18.1 SHC

0-1 21.4
SHC
1-2 4.9 SHC

1-2 18
SHC
2-3 3.3 SHC

2-3 18.8
SHC
3-4 3.1 SHC

3-4 17.8
SHC
4-5 2.8 SHC

4-5 17.7
SHC
5-6 2.4 SHC

5-6 16.9
SHC
6-7 1.8 SHC

6-7 17.9
SHC
7-MHD 1.8 SHC

7-8 16.9
SHC
8-9 17.0

SHC
9-10 18.0

SHC
0-MHD 38.2 SHC

0-MHD 860

where 𝑑𝑜 and 𝑑𝑓 are the depth of layer 𝑜 and layer 𝑓,
respectively, 𝐶

𝑥
is the local hydrogen content in weight or

atomic percentage, 𝑑𝑀 is the differential quantity of local
mass, 𝜌

𝑥
is the local density, 𝑑𝑉 is the differential quantity

of local volume, 𝐴 is the cross-sectional area concerned, and
dx is the differential quantity along the depth. Since 𝐴 is
constant, the formula in (1) can be further simplified as:

THC
𝑑𝑜−𝑑𝑓
= 𝐴∫

𝑑𝑓

𝑑𝑜

𝐶
𝑥
𝜌
𝑥
𝑑𝑥 = SHC

𝑑𝑜−𝑑𝑓
× 𝐴. (2)

Since the area 𝐴 in (2) is a determined value, the
comparison of SHC is equivalent to that of THC. SHC
values can outcome automatically after GDOS analyses. The
SHC values were adopted to list in Table 5 to see the
hydrogen mass payload between CP-Ti and Ti-153 cathodes.
The SHC0-MHD for OCH3 and OBI3 are 38.2mg/m2 and
860mg/m2, respectively. The charging period for OCH3 was
three times longer than that for OBI3. The ratio of hydrogen
absorption for OBI3 to that for OCH3 can be easily estimated
as (860 × 3) ÷ 38.2 = 67.5. The specific weight of Ti-153 is
about 4.42 while that of CP-Ti is about 4.51. Higher hydrogen
uptake ability combines lower density. Ti-153 shows obvious
superiority to CP-Ti in hydrogen mass payload.

4. Conclusions

Both arsenic trioxide and thiourea are hydrogenation pro-
moters for CP-Ti, while thiourea shows inhibitive effect on
Ti-153 under the applied conditions. Arsenic trioxide is a
hydrogenation promoter for both Ti-153 and CP-Ti in this
study. Ti-153 is superior to CP-Ti in serving as the cathode
for photovoltaic hydrogen production. The hydrogen mass
payload for Ti-153 is estimated to be more than 68 times in
contrast to that for CP-Ti.
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