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Abstract: Electrochemical hydrogen charging is widely used to evaluate hydrogen embrittlement in metallic materials. However, ISO 

16573 mainly specifies current density, charging time, and electrolyte conditions, while geometric factors such as electrode configura-

tion are not sufficiently addressed. This study investigated the effect of the working-electrode-to-counter-electrode (WE:CE) area ratio 

on the hydrogen uptake of STS 304L austenitic stainless steel. The WE:CE ratios were set to 1:1, 1:2, 1:4, and 1:10 using a platinum-

mesh counter electrode, and the hydrogen content was measured by ONH analysis at two current densities. The hydrogen content 

varied with the area ratio: it was relatively high at 1:1, decreased at 1:2 and 1:4, and increased again at 1:10, which may be associated 

with changes in counter-electrode current density, polarization, and cell current distribution that altered the charging conditions at the 

working-electrode surface. Slow strain rate tensile (SSRT) tests showed no notable differences in mechanical properties among the 

conditions, suggesting that the differences in total hydrogen content did not translate into measurable mechanical degradation. These 

results indicate that the WE:CE area ratio is a geometric variable — not specified in ISO 16573 — that can influence hydrogen uptake 

and should therefore be controlled and reported to improve the reproducibility of electrochemical hydrogen-charging tests. 
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1. Introduction

Extensive research has been conducted on eco-friendly energy 

technologies to replace conventional fossil fuels. In particular, 

hydrogen has attracted considerable attention as a next-genera-

tion energy source, owing to its high gravimetric energy density 

and its role as a carbon-free energy carrier that emits no carbon 

dioxide during use [1][2]. However, because of its small atomic 

size, hydrogen can readily penetrate into metals, which may lead 

to hydrogen embrittlement, a phenomenon characterized by the 

degradation of ductility and strength in metallic materials. Since 

hydrogen embrittlement can cause unexpected cracking and fail-

ure of structures, it is essential to quantitatively evaluate the hy-

drogen embrittlement behavior of metallic materials used in hy-

drogen environments [3]. 

Various hydrogen charging methods have been employed to eval-

uate the hydrogen embrittlement characteristics of metallic materials, 

among which gaseous hydrogen charging and electrochemical 

hydrogen charging are the most representative [4].  

Gaseous hydrogen charging offers the advantage of relatively 

directly simulating an actual hydrogen service environment; 

however, it involves risks of ignition, explosion, and leakage as-

sociated with the use of high-pressure hydrogen, and requires 

specialized high-pressure equipment and safety facilities [5]. In 

contrast, electrochemical hydrogen charging has been widely 

employed to evaluate the hydrogen embrittlement behavior of 

metallic materials at the laboratory scale, owing to its relatively 

simple experimental setup and ease of controlling test conditions. 

Furthermore, since the amount of hydrogen generated in a labor-

atory-scale electrochemical cell is limited, tests can be conducted 

relatively safely compared with gaseous hydrogen charging, pro-

vided that adequate ventilation and safety measures are ensured 

[6][7]. 

Electrochemical hydrogen charging tests are generally per-

formed in accordance with ISO 16573, which specifies major test 
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conditions such as current density, charging time, and electrolyte 

composition. However, the standard does not provide specific 

guidelines for variables related to electrode configuration and ge-

ometry, such as the area ratio between the counter electrode (CE) 

and the working electrode (WE), the inter-electrode distance, and 

the electrode shape, which can affect the actual hydrogen charg-

ing behavior. Even when the same nominal current density is ap-

plied, these variables can influence the current distribution on the 

electrode surface, the overpotential, and the hydrogen evolution 

reaction (HER), potentially resulting in variation in hydrogen up-

take and, consequently, in hydrogen embrittlement evaluation re-

sults. In particular, the area of the platinum mesh, which is widely 

used as a counter electrode, is related not only to the hydrogen 

charging efficiency but also to the reproducibility and cost-effec-

tiveness of the experiments; therefore, a systematic investigation 

of this parameter is required. 

The behavior of hydrogen entering the metal during electro-

chemical hydrogen charging does not depend solely on the mag-

nitude of the applied current. Previous studies have suggested 

that the hydrogen permeation current is not simply proportional 

to the charging current but can be governed by the combined ef-

fects of hydrogen adsorption, recombination, and diffusion pro-

cesses on the electrode surface [8]. This implies that the for-

mation of adsorbed hydrogen on the working electrode surface 

and the conditions governing its absorption are important factors 

determining the amount of hydrogen actually introduced into the 

metal. 

In electrochemical hydrogen charging, the hydrogen evolution re-

action (HER) generally occurs on the surface of the working elec-

trode, which serves as the cathode. The HER is a series of electro-

chemical reactions in which hydrogen ions or water molecules are 

reduced on the electrode surface to form adsorbed hydrogen, which 

is subsequently either absorbed into the metal or recombined and re-

leased as hydrogen gas. These reactions are generally associated with 

the Volmer, Heyrovsky, and Tafel steps and the reaction pathway and 

kinetics can vary depending on the potential, pH, electrolyte compo-

sition, and electrode surface condition [9]. Therefore, in electro-

chemical hydrogen charging tests, not only the reaction condi-

tions on the working electrode surface but also the electrode con-

figuration and geometric conditions, which can affect the current 

distribution within the cell and electrode polarization, should be 

considered as important variables. 

In addition, previous studies on alkaline water electrolysis sys-

tems have reported that the structural characteristics of electrode 

meshes influence the electrochemical reaction performance. For 

woven meshes, the overpotential varied with the ratio of pore 

width to strand width, whereas for expanded meshes, the overpo-

tential decreased with increasing structural surface area, indicat-

ing improved electrochemical performance [10]. These findings 

suggest that the geometric structure and effective reaction surface 

area of the electrode can influence the reaction environment and 

current distribution within the electrochemical cell. 

However, systematic studies on the effects of geometric varia-

bles, such as the area ratio between the counter and working elec-

trodes, on the cathodic hydrogen uptake of metallic materials and 

the resulting mechanical behavior remain limited. Accordingly, 

this study experimentally investigated the influence of the CE-

to-WE area ratio on hydrogen uptake in STS 304L austenitic 

stainless steel. The mechanical behavior of hydrogen-charged 

specimens was evaluated by slow strain rate tensile (SSRT) test-

ing. 

2. Experimental Preparation

2.1 Preparation of Test Specimens 

In this study, STS 304L austenitic stainless steel was used as the 

test material. Austenitic stainless steels exhibit excellent ductility and 

toughness in cryogenic environments and have been widely consid-

ered as candidate materials for hydrogen applications [11]. In partic-

ular, in applications where cryogenic and hydrogen environments act 

simultaneously, such as liquid hydrogen storage and transportation 

systems, ensuring resistance to hydrogen embrittlement and stable 

mechanical properties is essential. Considering these characteristics, 

STS 304L was selected as the test material in this study, and its chem-

ical composition is presented in Table 1. 

SSRT was performed to evaluate the mechanical behavior. The 

tensile specimens were machined into a round-bar shape in accord-

ance with ASTM E8. The geometry and principal dimensions of the 

final tensile specimens are shown in Figure 1(a). 

An oxygen-nitrogen-hydrogen (ONH) analyzer was used to quan-

titatively analyze the hydrogen content introduced by electrochemi-

cal hydrogen charging. Considering the specimen size limitation of  

the ONH analyzer, the specimens for hydrogen analysis were pre-

pared with dimensions of 5×5×3.5 mm, and the hydrogen content in 

the specimens was measured after hydrogen charging. The geometry 

of the specimens used for hydrogen analysis is shown in Figure 1(b). 

Table  1: Chemical composition of STS 304L specimen (wt%). 

STS 
304L 

C Si Mn P S Ni Cr

0.023 0.45 1.40 0.032 0.003 8.12 18.1 
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(a) 

(b) 

Figure 1: Geometry of specimens for (a) slow strain rate tensile 

test and (b) ONH analysis. 

Figure 2: Experimental procedure for electrochemical hydrogen 

charging, hydrogen content measurement, and mechanical eval-

uation 

To minimize the influence of the specimen surface condition on 

the hydrogen charging behavior, all specimens were ground with SiC 

paper up to #2000 grit under identical conditions. This minimized 

differences in surface-related variables, such as surface roughness, 

surface defects, and oxide layer, thereby enabling a comparison of 

the hydrogen uptake and mechanical behavior with respect to the 

area ratio. 

2.2 Electrochemical Hydrogen Charging 

Figure 2 shows the overall experimental procedure performed 

in this study. After specimen preparation, electrochemical hydro-

gen charging was performed, and the charged specimens were 

used for hydrogen content measurement by ONH analysis and 

mechanical behavior evaluation by SSRT. To analyze the influ-

ence of the area of the platinum mesh counter electrode on the 

hydrogen uptake and mechanical behavior of the specimen serv-

ing as the working electrode, the area ratio between the WE and 

CE was set as the primary experimental variable in this study. 

Table 2: Test matrix for hydrogen content analysis and SSRT accord-

ing to current density and WE:CE area ratio. 

Test 
Current Density 

(mA/cm2) 
Specimen to Pt 
mesh area ratio 

ONH Analysis 0.5 1:1 
1:2 
1:4 
1:10 

4 1:1 
1:2  
1:4 
1:10 

Slow Strain Rate 
Tensile test 

0.5 1:1 
1:2 
1:4 
1:10 

Figure 3: Schematic illustration of the woven platinum mesh 

structure showing intersection and independent strand regions 

The conditions for electrochemical hydrogen charging and 

mechanical property evaluation are summarized in Table 2. To 

avoid confusion in the notation of the area ratio, the ratio of the 

effective exposed area of the specimen to the effective reaction 

area of the platinum mesh was defined as WE:CE in this study. 

Accordingly, the WE:CE ratios were set to 1:1, 1:2, 1:4, 1:10, 

corresponding to conditions in which the effective reaction area 

of the platinum mesh was 1, 2, 4, and 10 times the effective ex-

posed area of the specimen, respectively. 

A platinum mesh with dimensions of 100 × 200 mm, composed 

of platinum wires with a diameter of 0.138 mm, was used as the 

counter electrode. The platinum mesh was cut to match the des-

ignated area ratios, and its effective reaction area was calculated 

by considering the porosity and geometric configuration of the 

mesh structure. The platinum mesh used in this study has a wo-

ven mesh structure, and Figure 3 presents a schematic diagram 

distinguishing the intersecting and independent (non-intersect-

ing) segments of the mesh. The independent segments were as-

sumed to be cylindrical, and the total surface area of the platinum 
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mesh was calculated using Equation (1), taking into account the 

surface areas of the free and intersecting segments, respectively 

[10]. Note that the area calculated in this study is a geometric 

surface area intended for relative comparison among the elec-

trode area ratio conditions, and the electrochemically active sur-

face area (ECSA) was not separately quantified. 

Amesh= πnሺn+1ሻsw+ 
3π

8
(n+1)2𝑠ଶ    (1) 

where Amesh  is the surface area of the woven platinum mesh 

(cm2), n is the number of pores per unit length (cm-1), s is the 

strand width (cm), and w is the pore width (cm). 

The current density was determined based on the effective ex-

posed area of the specimen, and two conditions of 0.5 mA/cm² 

and 4 mA/cm² were applied. The hydrogen charging time was 

maintained at 72 h for all conditions. This was selected based on 

previous studies reporting that diffusible hydrogen in austenitic 

stainless steels saturates after more than 48 h of charging [12][13] 

and on our preliminary tests, to ensure a sufficiently saturated 

and comparable condition across all area ratios. ONH measure-

ments were conducted under both current densities, whereas 

SSRT was performed only under 0.5 mA/cm². Since a previous 

study reported that hydrogen-induced degradation levels off 

above 1 mA/cm² with little further current-density dependence 

[12], the 0.5 mA/cm² condition was selected for SSRT to more 

clearly reveal differences associated with the area ratio. 

To minimize geometric variables other than the electrode area 

ratio, the cell configuration was kept consistent within each test 

type. For the hydrogen content (ONH) tests, approximately 250 

mL of electrolyte was used with an inter-electrode distance of 

about 5 cm between the specimen and the platinum mesh. For the 

SSRT tests, approximately 500 mL of electrolyte was used with 

an inter-electrode distance of about 4 cm. In this way, geometric 

factors other than the WE:CE area ratio were minimized. 

2.3 Experimental Setup 

Electrochemical hydrogen charging was performed using a poten-

tiostat(WBC3000S, WonATech). Figure 4 shows the configuration 

of the electrochemical hydrogen charging apparatus and the elec-

trode connections used in this study. The specimen was connected as 

the cathode and the platinum mesh as the anode, and hydrogen charg-

ing was conducted under galvanostatic conditions.  

Figure 5 shows the main equipment used for hydrogen content 

analysis and mechanical property evaluation. The hydrogen content 

in the specimens after hydrogen charging was measured using an  

Figure 4: Schematic illustration of the electrochemical hydrogen 

charging setup using a potentiostat 

(a) 

(b) 

Figure 5: Experimental equipment used in this study: (a) ONH 

analyzer and (b) universal testing machine for SSRT 

ONH analyzer (ONH2000, ELTRA), as shown in Figure 5(a). A 

graphite crucible was used for the analysis, and the specimen was 

melted in a high-temperature furnace. During this process, the hy-

drogen present in the specimen is released in gaseous form and de-

tected by a thermal conductivity detector. Using this equipment, the 

hydrogen content in the specimens after charging was quantitatively 

evaluated. 

The mechanical behavior was evaluated using a universal testing 

machine (KSU-5M, Kyung Sung), as shown in Figure 5(b). The 

strain rate was set to 5 × 10-5 s-1. In addition, to ensure the accuracy 
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of strain measurement, an extensometer with a gauge length of 25 

mm was used to measure the deformation behavior of the specimen 

during the tensile tests. 

3. Results and Discussion

3.1 Variation of Hydrogen Concentration with WE:CE 

Area Ratio  

Figure 6 and Table 3 show the variation in hydrogen content of 

the STS 304L specimens with respect to the WE:CE area ratio. For  

(a)

(b)
Figure 6: Hydrogen content of STS 304L specimens after elec-

trochemical hydrogen charging at different electrode area ratios: 

(a) 0.5 mA/cm² and (b) 4 mA/cm². Error bars represent one stand-

ard deviation (n = 3-4 per condition) 

Table 3: Hydrogen content of STS 304L specimens according to 

WE:CE area ratio and current density (mean ± standard deviation) 

Hydrogen Content (wppm) 

0.5 mA/cm2 4 mA/cm2 

1:1 38.075 ± 2.260 18.525 ± 2.779 
1:2 34.425 ± 2.162 17.6 ± 0.115 
1:4 31.775 ± 4.102 18.733 ± 0.839 
1:10 36.667 ± 1.921 22.267 ± 2.950 

each condition, hydrogen charging and ONH analysis were repeated 

three to four times, and the results are presented as the mean ± stand-

ard deviation. Under both the 0.5 and 4 mA/cm² conditions, the hy-

drogen content varied with the area ratio. It should be noted that the 

hydrogen contents under the 0.5 and 4 mA/cm² conditions were 

measured in different analysis batches; therefore, the results were in-

terpreted primarily in terms of the relative trends with respect to the 

area ratio within each current density condition, rather than by direct 

comparison of the absolute hydrogen contents between the two cur-

rent densities. 

Under the 1:1 area ratio condition, relatively high hydrogen con-

tents were measured at both current densities. Since the effective ex-

posed area of the specimen and the applied current density were kept 

constant, the total current applied to the specimen remained the same 

within each current density condition. However, when the CE area is 

relatively small, the current density on the counter electrode in-

creases, which can alter the polarization of the CE, the cell voltage 

and the surface reaction state of the electrode. For Pt counter elec-

trodes, it has been reported that Pt dissolution can occur as surface 

oxidation-reduction reactions intensify [14][15]. Therefore, the high 

hydrogen content measured under the 1:1 area ratio condition may 

have resulted from elevated current density on the counter electrode 

due to its small area and the associated changes in electrode condi-

tion, which may have indirectly influenced the hydrogen adsorption 

and absorption behavior on the WE surface. However, since the 

amount of Pt dissolution, electrode potential, and cell voltage varia-

tions were not directly quantified in this study, this interpretation 

should be regarded as one possible explanation rather than a defini-

tive conclusion. 

In contrast, under the 1:2, 1:4 area ratio conditions, the hydrogen 

content decreased compared with that under the 1:1 condition. This 

may be associated with to be because the current density on the coun-

ter electrode decreased with increasing CE area, thereby relatively 

mitigating the polarization and potential variation of the CE. In this 

case, the likelihood of excessive oxidation-reduction reactions and 

dissolution on the Pt surface is reduced, and the electrochemical hy-

drogen charging environment can be maintained relatively stable. 

Therefore, the 1:2 and 1:4 conditions may be advantageous over the 

1:1 condition in terms of electrode stability and test reproducibility. 

Meanwhile, under the 1:10 area ratio condition, the hydrogen con-

tent tended to increase again. This result is more reasonably inter-

preted as arising not from a direct effect of enhanced reaction activity 

on the CE itself, but from changes in the current distribution within 

the cell, the solution resistance, the electric field distribution between 

the electrodes, and the local reaction conditions on the WE surface 
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caused by the substantially enlarged counter electrode area. In the 

electrochemical hydrogen charging configuration of this study, the 

specimen serves as the cathode; therefore, the hydrogen evolution 

reaction and hydrogen adsorption occur primarily on the WE surface. 

These observations suggest that the increase in hydrogen content un-

der the 1:10 condition may be associated with the indirect influence 

of the enlarged counter electrode area on the hydrogen adsorption 

and absorption conditions at the WE surface, rather than from an en-

hancement of the HER activity of the CE itself. 

Consequently, the hydrogen content varied with the WE:CE area 

ratio during electrochemical hydrogen charging. These variations 

suggest that the area ratio can act as a geometric factor influencing 

the charging condition - for example, when the CE area is exces-

sively small, the electrode condition may become unstable owing to 

the high current density and polarization of the counter electrode, 

whereas when the CE area is excessively large, the current distribu-

tion within the cell and the reaction conditions on the WE surface 

may also be altered. 

3.2 Slow Strain Rate Tensile Test Evaluation of Mechani-

cal Behavior  

Figure 7 shows the SSRT results of the STS 304L specimens hy-

drogen-charged under 0.5 mA/cm2 condition with area ratios of 1:1, 

1:2, 1:4 and 1:10. In this section, the influence of the electrode area 

ratio on the mechanical behavior is examined based on the SSRT re-

sults obtained under the 0.5 mA/cm2 condition, as presented in Fig-

ure 7. 

Figure 7: Stress-strain curves of STS 304L specimens hydrogen-

charged at 0.5 mA/cm² with different area ratios 

The yield strength and tensile strength were similar across all area 

ratio conditions, and no distinct differences were observed in the 

overall shape of the stress-strain curves or the work hardening be-

havior. The 1:1 condition exhibited a relatively larger fracture strain 

than the other conditions, whereas the fracture strain and the shape 

of the stress-strain curves were similar among the 1:2, 1:4, and 1:10 

conditions. These results indicate that, although the total hydrogen 

content measured by ONH analysis differed with the area ratio, no 

distinct differences in mechanical behavior were observed under the 

SSRT conditions of this study. 

These observations suggest that the differences in total hydrogen 

content measured by ONH analysis may not necessarily correspond 

to differences in the effective hydrogen content that directly contrib-

utes to the degradation of mechanical properties. In general, hydro-

gen in metals can be classified into diffusible hydrogen and non-dif-

fusible or strongly trapped hydrogen [16]. Diffusible hydrogen can 

migrate relatively freely through interstitial lattice sites and can be 

released relatively quickly through the specimen surface at room 

temperature. Therefore, even if differences in the total hydrogen con-

tent exist immediately after charging, the amount of hydrogen re-

maining in the specimen and affecting the mechanical behavior at the 

time of tensile testing may be limited. 

In contrast, hydrogen trapped at sites such as grain boundaries, 

dislocations, precipitates, or other defects can remain relatively sta-

ble and may be more directly involved in the degradation of mechan-

ical properties and hydrogen embrittlement behavior [17][18]. The 

observation that the total hydrogen content varied with the area ratio 

while the SSRT results showed no substantial difference in yield 

strength and tensile strength or overall deformation behavior indicates  

that the amount or distribution of hydrogen substantially affecting the 

mechanical behavior may not have differed significantly among the 

area ratio conditions. 

These observations suggest that the electrode area ratio acted as a 

influenced the total hydrogen content during electrochemical hydro-

gen charging, whereas its influence on the yield strength, tensile 

strength, and overall mechanical behavior was limited under the 0.5 

mA/cm2 SSRT condition of this study. In future work, the influence 

of the area ratio on hydrogen embrittlement behavior should be eval-

uated more quantitatively by examining the elapsed time between 

charging and testing, separate analyses of diffusible and trapped hy-

drogen (e.g., thermal desorption analysis), fractographic observa-

tions, and SSRT results under higher hydrogen charging condition. 

4. Conclusion

In this study, the influence of the electrode area ratio on the 
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hydrogen uptake and mechanical behavior of STS 304L austen-

itic stainless steel during electrochemical hydrogen charging was 

experimentally investigated. The area ratios were set to 1:1, 1:2, 

1:4, and 1:10, corresponding to conditions in which the effective 

reaction area of the platinum mesh was 1, 2, 4, and 10 times the 

effective exposed area of the specimen, respectively. The current 

densities were set 0.5 and 4 mA/cm2 based on the effective ex-

posed area of the specimen, and the hydrogen content was quan-

titatively evaluated by ONH analysis. In addition, SSRT was per-

formed on the specimens hydrogen-charged under the 0.5 

mA/cm2 condition to examine the influence of the area ratio on 

the mechanical behavior. The main conclusions derived from this 

study are as follows: 

 The hydrogen content of the STS 304L specimens varied 

with the electrode area ratio, indicating that the area ratio 

between the counter and working electrodes is a key exper-

imental variable affecting the hydrogen uptake in electro-

chemical hydrogen charging. 

 Under the 1:1 area ratio condition, relatively high hydrogen 

contents were measured at both current densities of 0.5 and 

4 mA/cm2. This may be associated with the elevated current 

density, polarization, and surface condition changes of the 

counter electrode, resulting from its small area, indirectly 

influenced the hydrogen adsorption and absorption behavior 

on the WE surface. 

 Under the 1:2 and 1:4 conditions, the hydrogen content de-

creased compared with that under the 1:1 condition. This 

may be attributed to the reduced current density and miti-

gated  polarization of the counter electrode with increasing 

CE area, which relatively stabilized the electrochemical 

charging environment. 

 Under the 1:10 condition, the hydrogen content tended to 

increase again. This result is attributed not to a direct en-

hancement of the hydrogen evolution reaction on the CE 

surface, but to changed in the current distribution within the 

cell, the solution resistance, the electric field distribution be-

tween the electrodes, and the local reaction conditions on 

the WE surface caused by the enlarged counter electrode 

area, which influenced the hydrogen adsorption and absorp-

tion behavior. 

 Although the total hydrogen content differed with the area 

ratio, the SSRT results under the 0.5 mA/cm2 condition 

showed no distinct differences in yield strength, tensile 

strength, or overall mechanical behavior. This suggests that 

the differences in total hydrogen content measured by ONH 

analysis may not necessarily translate directly into the deg-

radation of mechanical properties. 

The results of this study indicate that the WE:CE area ratio can 

influence the hydrogen uptake in electrochemical hydrogen 

charging tests and should therefore be explicitly controlled and 

reported to improve reproducibility. In future work, the influence 

of the area ratio on hydrogen charging and hydrogen embrittle-

ment behavior will be investigated more quantitatively by moni-

toring the electrode potential and cell voltage, examining possi-

ble Pt dissolution, and separately analyzing the diffusible and 

trapped hydrogen through thermal desorption analysis (TDA) 

and hydrogen permeation testing. In addition, fractographic 

(SEM) observation and evaluation of the mechanical behavior 

under various hydrogen charging conditions will be conducted as 

follow-up research. 
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