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SUMMARY: 21 

Here, accumulation of cuprous ions in a copper sulfate plating solution in a model experiment 22 

and an analysis based on quantitative measurements are described. This experiment reproduces 23 

the accumulation process of cuprous ions in the plating bath. 24 

 25 

ABSTRACT: 26 

Knowledge of the behavior of cuprous ions (monovalent copper ion: Cu(I)) in a copper sulfate 27 

plating bath is important for improving the plating process. We successfully developed a method 28 

to quantitatively and easily measure Cu(I) in a plating solution and used it for evaluation of the 29 

solution. In this paper, a quantitative absorption spectrum measurement and a time-resolved 30 

injection measurement of Cu(I) concentrations by a color reaction are described. This procedure 31 

is effective as a method to reproduce and elucidate the phenomenon occurring in the plating 32 

bath in the laboratory. First, the formation and accumulation process of Cu(I) in solution by 33 

electrolysis of a plating solution is shown. The amount of Cu(I) in the solution is increased by 34 

electrolysis at higher current values than the usual plating process. For the determination of Cu(I), 35 

BCS (bathocuproinedisulfonic acid, disodium salt), a reagent that selectively reacts with Cu(I), is 36 

used. The concentration of Cu(I) can be calculated from the absorbance of the Cu(I)-BCS complex. 37 

Next, the time measurement of the color reaction is described. The color reaction curve of Cu(I) 38 

and BCS measured by the injection method can be decomposed into an instantaneous 39 

component and a delay component. By analysis of these components, the holding structure of 40 

Cu(I) can be clarified, and this information is important when predicting the quality of the plating 41 

film to be produced. This method is used to facilitate the evaluation of the plating bath in the 42 

production line. 43 

 44 
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INTRODUCTION: 45 

As printed circuit boards become denser and multilayered, management of plating solutions 46 

during the manufacturing process becomes more important to maintain product quality. In 47 

copper sulfate electroplating, the monovalent copper ion (cuprous ion: Cu(I)) has been 48 

determined to be one of the main causes of the large roughness and dull finish of the copper 49 

plating surface. The behavior and role of Cu(I) in the plating process1-5, the effect of each additive, 50 

and the holding structure6-8 have been investigated. It is necessary to analyze Cu(I) in the plating 51 

solution, but it was difficult to quantify its concentration because of the instability of Cu(I) in an 52 

aqueous solution. Therefore, the on-site analysis of Cu(I) in the plating bath is an effective tool 53 

for controlling the plating solution. 54 

 55 

We performed colorimetric analysis using an aqueous chelating reagent, BCS 56 

(bathocuproinedisulfonic acid, disodium salt), to establish on-site quantitative analysis of Cu(I) in 57 

a copper sulfate plating solution. The BCS can be used to quantify the Cu(I) concentration in the 58 

aqueous solutions9-11. The cuproine type color reaction reagent, which has been conventionally 59 

used for the determination of Cu(I), is hydrophobic and extraction with alcohol is necessary. It 60 

was shown that BCS is hydrophilic and can directly measure Cu(I) in an aqueous solution. Two 61 

molecules of BCS coordinate to one Cu(I) to form 1:2 complexes that absorb visible light at 62 

wavelengths between 400 and 550 nm (See Figure 1). We established a method to determine 63 

the concentration of Cu(I) in the plating solution from the measurement of the absorbance of the 64 

Cu(I)-BCS complex12,13. In the first part of this protocol, a method of accelerating the Cu(I) 65 

formation in a copper sulfate plating solution in a model experimental system and the 66 

quantitative measurement of the Cu(I) concentration in a plating solution are described. This is 67 

fundamental to clarify the process of formation and accumulation of Cu(I) in the plating bath. 68 

 69 

Further, it was shown that the color reaction of Cu(I) and BCS can be divided into rapid reaction 70 

components and relatively slow reaction components. This increases the uncertainty in the 71 

absorbance measurement. To overcome this problem, we developed a method of measuring 72 

reaction curves by an injection method14,15. The second part shows the measurement of Cu(I) 73 

based on the injection method. By analyzing the components obtained by the injection method, 74 

it is possible to approximate the understanding of the Cu(I) formation mechanism and holding 75 

structure in solution. 76 

 77 

Conventionally, it has been claimed that Cu(I) in a plating solution is instantly oxidized to cupric 78 

ions (Cu(II)). We have confirmed that there are several millimoles (mmol/L) of Cu(I) in the plating 79 

bath of the production line12. According to this experiment method, the accumulation of Cu(I) 80 

similar to the plating bath can be reproduced even in the beaker of the laboratory. This is a 81 

fundamental technology to elucidate the Cu(I) production and accumulation process in a copper 82 

sulfate electroplating solution, which was unknown14. Furthermore, by controlling Cu(I) in the 83 

plating solution, it is also possible to predict the effect of Cu(I) on the quality of the plating film15. 84 

 85 

PROTOCOL: 86 

 87 

NOTE: Please check all related material safety data sheets (MSDS). Please wear protective 88 



equipment when experimenting with the copper sulfate plating. 89 

 90 

1. Preparation of the copper sulfate plating solution 91 

 92 

NOTE: The copper sulfate plating aqueous solution is prepared by combining sulfuric acid (0.5 93 

mol/L), copper sulfate (0.4 mol/L), chlorine (Cl, 1.41 mmol/L), polyethylene glycol (PEG; MW 94 

4000: 0.025 mmol/L), bis(3-sulfopropyl) disulfide (SPS, 0.003 mmol/L), and Janus Green B (JGB, 95 

0.004 mmol/L) in pure water.  96 

 97 

1.1. Place a stir bar in a 1 L beaker and pour in 600 mL of pure water. Add sulfuric acid (95.0%: 98 

49.04 g) in small portions while stirring. Leave it until the solution cools down. 99 

 100 

1.2. Add copper sulfate (99.5%: 99.876 g) to the solution little by little. Stir for 30 min.  101 

 102 

1.3. Add 23.7 mL of hydrochloric acid (0.02 mol/L), 0.1 g of polyethylene glycol, 1 mL of 1 mg/L 103 

SPS solution, and 1 mL of 2 mg/L JGB solution. 104 

 105 

1.4. Transfer the solution to a volumetric flask (1 L). Add pure water and adjust to 1 L. Transfer 106 

the copper sulfate plating solution to a polyethylene container and store it at room temperature 107 

in the dark. 108 

 109 

2. Formation of the Cu(I) in the plating solution 110 

 111 

2.1. Pour 150 mL of the copper sulfate plating solution into a 200 mL beaker. Put the stir bar in 112 

the beaker and stir at 500 rpm. Leave the plating solution in advance at room temperature (23 °C 113 

± 1 °C) for 1 hour. 114 

 115 

2.2. Insert a tube into a beaker and let nitrogen flow (about 85 mL/min). Deoxygenate the plating 116 

solution with nitrogen gas for over 30 min. 117 

 118 

2.3. Cut the 0.3 mm thick copper plate with metal shears to 9.5 cm x 2 cm dimensions. Cut the 119 

platinum plate with a thickness of 0.1 mm in the same way. 120 

 121 

2.4. Wash the copper plate and the platinum plate with ethanol and rinse with pure water. Dry 122 

with nitrogen gas. 123 

 124 

2.5. Attach the copper plate and platinum plate to the fixing jig, insert it inside the beaker and fix 125 

it. The immersed area of each plate to the plating solution is 4 x 2 cm2 (See Figure 2). 126 

 127 

NOTE: The jig consists of an acrylic beaker fixing part (Figure 3 (1)) and metal electrode parts 128 

(Figure 3 (2)). The electrode part consists of the parts to fix the plate, and the part connects to 129 

the cord from the power supply. 130 

 131 

2.6. Connect the electrode (anode) of the copper plate to the positive end of the power supply 132 



(Figure 3 (3)), and the electrode of the platinum plate (cathode) to the negative end of the power 133 

supply (Figure 3 (4)). 134 

 135 

2.7. Turn on the power supply at a constant current of 1.0 A (current density: 62.5 mA/cm2). Cu(I) 136 

is formed in the plating solution according to the electrolysis time, and Cu(I) concentration 137 

(accumulated amount) is maximized in about 10 min. 138 

 139 

NOTE: If the plate is inserted while the stirrer rotates, the plating solution may scatter and the 140 

beaker may light up. Please install the jig before turning on the power to avoid danger. 141 

 142 

2.8. Turn off the power after 10 min and stop the stirrer. Leave it for about 10 min until the 143 

particles settle. 144 

 145 

3. Quantitative measurement of the Cu(I) 146 

 147 

3.1. Prepare the BCS solution (10-2 mol/L) by dissolving 0.36 g of the molecule in 100 mL of pure 148 

water. Stir the solution and dissolve the BCS in an excess amount relative to the monovalent 149 

copper. Store the BCS solution in a light-proof container and store the container in the dark.  150 

 151 

NOTE: In the measurement, the BCS concentration in the sample solution is adjusted to 1,000 152 

times or more the Cu(I) concentration. 153 

 154 

3.2. Add 60 mL of acetic acid (1 mol/L) and 25.2 mL of NaOH solution (1 mol/L) to 120 mL of pure 155 

water to prepare a neutralizing solution (buffer solution). 156 

 157 

3.3. Put a stir bar in the absorption measurement cell (optical path length: 1 cm) and pour in 2.5 158 

mL of neutralization solution and 219 μL of BCS solution. 159 

 160 

3.4. Mix in 22 μL of plating solution sample (step 2.9). Stir for 20 min.  161 

 162 

NOTE: In order to ensure that the function of BCS is normal, the pH of the sample solution to be 163 

measured should not fall below 4. BCS selectively forms a complex with Cu(I). The Cu(I)-BCS 164 

complex absorbs in the visible region (400 to 550 nm), and the neutralizing solution develops an 165 

orange color (Figure 4). 166 

 167 

3.5. Measure the absorption spectra of the sample solution (3.4) with an UV/vis 168 

spectrophotometer (wavelength range: 400–600 nm) (Figure 5e).  169 

 170 

NOTE: There are no constrained measurement apparatus and conditions, and it is desirable to 171 

make them identical in one experiment series. 172 

 173 

3.6. Calculate the concentration of Cu(I) using the Lambert-Beer law: 174 

 175 

A = εlc 176 



 177 

where A is absorbance, L is the optical path length, ε is the molar absorption coefficient (BCS: 1.2 178 

× 104 at 485 nm), and c is the molar concentration (mol/L) of the solute.  179 

 180 

NOTE: Because the optical path length is 1 cm, the Cu(I) concentration in the cell is simply the 181 

absorbance divided by the molar extinction coefficient. The value obtained by multiplying the 182 

ratio 125 (the fold dilution with the neutralizing solution) is the Cu(I) concentration of the plating 183 

solution. 184 

 185 

4. Injection measurement of Cu(I) and BCS color reaction curves 186 

 187 

4.1. Use a UV/vis spectrophotometer with time measurement function of more than 20 min for 188 

injection measurement. The spectrometer should have a sample chamber cover with a syringe 189 

port (Figure 6 left) and a thermostat cell holder with a stirrer.  190 

 191 

4.2. Use a square cell of 1 cm x 1 cm for the absorbance measurement. Put s stir bar in the 192 

absorption cell. 193 

 194 

4.3. Pour 2.5 mL of the neutralized solution prepared in 3.2 and 219 μL of the BCS solution 195 

prepared in 3.1 into the cell. Maximize stirrer rotation speed. 196 

 197 

4.4. Set the measurement time to 1270 s in the time measurement mode at 485 nm and start. 198 

One min after starting, inject 22 μL of the plating solution sample (2.9) with a pipette from the 199 

syringe port of the chamber cover. Reaction curves of Cu(I) and BCS will be acquired (Figure 6 200 

right). 201 

 202 

REPRESENTATIVE RESULTS: 203 

The concentration of Cu(I) in the plating solution can be determined from the absorbance at 485 204 

nm of Cu(I)-2BCS chelate. Figure 5 shows the absorption spectra of the plating solutions that 205 

were electrolyzed for 0, 4, 6, 8 and 10 min. The Cu(I) concentration tends to increase from 0 to 206 

10 min depending on the electrolysis time. However, as a result of the time-resolved 207 

measurement, a delay component appeared in addition to the instantaneous component in the 208 

reaction between BCS and Cu(I). This reduces the signal-to-noise ratio (S/N ratio) of the 209 

absorbance value and prevents accurate determination of Cu(I) concentration. It is preferable to 210 

use the injection method to determine the Cu(I) concentration, because the change in 211 

absorbance caused by the injection of plating solution is measured by time decomposition 212 

(Figure 6). 213 

 214 

Information on the Cu(I) holding structure in the plating solution is obtained by numerical analysis 215 

of the reaction curve. In general, Cu(I) is quickly oxidized to Cu(II) in an aqueous solution; but in 216 

the plating solution it is considered to be stabilized by forming a complex with an additive 217 

(especially PEG)14. The reaction curve reflects the chelation process of Cu(I) and BCS. The reaction 218 

curve is composed of a component that increases immediately after the plating solution injection 219 

and a component that slowly increases over several tens of min. These components suggest that 220 



there are multiple holding structures of Cu(I) in the plating solution. Characteristics of the plating 221 

solution involved in Cu(I) can be evaluated by analyzing the reaction curve. Assuming that the 222 

reaction of Cu(I) with BCS is a first order reaction with respect to the Cu(I) concentration, we 223 

obtained the following reaction kinetics of the absorbance, At: 224 

 225 

At = A0 + AL [1 – exp (−t/TL)] 226 

 227 

t is the time from the start of measurement, A0 corresponds to a component that reacts 228 

instantaneously (absorbance at t = 0) and AL corresponds to a component that reacts slowly (At 229 

- A0). TL is the time constant of the AL component. To simulate the color reaction curve, we 230 

applied the formula to the original analysis software (software may be commercially 231 

available)13,15. A curve simulating the change in the absorbance of the color reaction of the 232 

electroplating solution is shown in Figure 7. From the simulation, the parameters (A0, AL, TL) 233 

related to Cu(I) accumulation are quantified. The simulation results in this figure were A0 = 0.053, 234 

AL = 0.098, TL = 13.6 min, and r2 = 0.998. Figure 8 (graph) plots the simulation value A0 in the 235 

plating solution that was electrolyzed for different times. Although the value of A0 did not change 236 

greatly until 4 min of electrolysis, an increase corresponding to electrolysis time was seen from 237 

6 min to 10 min. 238 

 239 

Plating was carried out on a copper substrate for 10 min with the electrolysis solutions to 240 

investigate the effect of Cu(I) on the quality of the copper plating such as roughness and 241 

morphology. Figure 8 shows the SEM (Scanning Electron Microscope) images of the film surface 242 

structure deposited with electrolysis solutions. The film structure at 0 min and at 4 min of 243 

electrolysis plating are nearly indistinguishable. There are fine particles adsorbed densely with a 244 

size of several tens of nanometers and a smooth surface morphology. After 6 min of electrolysis 245 

plating, there is some swelling on the surface. After 10 min of electrolysis plating, there is a large 246 

chunky roughness. 247 

 248 

FIGURE LEGENDS: 249 

 250 

Figure 1: Structure and absorption spectrum of Cu (I)-BCS complex. Fresh copper sulfate plating 251 

solution and electrolysis solution. Since Cu(I) is accumulated in the plating solution by electrolysis, 252 

the absorption spectrum of Cu(I)-BCS complex is observed in the electrolysis plating solution 253 

sample. 254 

 255 

Figure 2: Schematic diagram of the equipment for electrification experiment (left) and 256 

representative conditions of the electrolysis experiment (right). 257 

 258 

Figure 3: Picture of a combinations of parts to be energized in the experiment. Attach the jig 259 

with the electrode plate to the glass beaker and connect it to the power supply. (1) Acrylic beaker 260 

fixing part, (2) metal electrode parts, (3) copper plate electrode (anode), and (4) platinum plate 261 

electrode (cathode). 262 

 263 

Figure 4: Absorption measurement of Cu(I). Absorption measurement procedure (left) and 264 



photos of sample solution (right). Fresh copper sulfate plating solution (blue) and electrolysis 265 

solution (orange). Since Cu(I) is accumulated in the plating solution by electrolysis, it is colored 266 

orange in the electrolysis plating solution sample. 267 

 268 

Figure 5: Absorption spectra of Cu(I)-BCS in electrolysis solutions. Electrolysis time: (a) 0, (b) 4, 269 

(c) 6, (d) 8, and (e) 10 min. Since the absorbance of Cu(I)-BCS generally increases as the 270 

electrolysis time becomes longer, it is considered that the amount of Cu(I) accumulated in the 271 

plating solution is increased. This figure is a modification of Figure 2 of Koga et al. 201815.  272 

 273 

Figure 6: Injection measurement. Left: Picture of chamber cover. There is a syringe port at the 274 

top of the cell; insert a pipette there and inject sample solution. Right: Reaction curve of plating 275 

solution which was electrolyzed at 1.0 A for 10 min. A sharp increase in absorbance immediately 276 

after injection and a gentle increase are clearly observed.  277 

 278 

Figure 7: Simulation of absorbance of plating solution (1.0 A, 10 min). ♢: measured point, solid 279 

line: fitting curve. This figure is a modification of Figure 4 of Koga et al. 201815. 280 

 281 

Figure 8: Deposition versus electrolysis time. (Graph) Normalized absorbance fitting parameters 282 

are plotted against electrolysis time, A0. (Pictures) SEM images of the plating film surface that 283 

were deposited in each electrolysis solution (times above pictures are electrolysis times).  284 

 285 

DISCUSSION: 286 

Figure 2 schematically shows a system for electrolysis experiment. The jig is an ordered item, 287 

which consists of an acrylic part to be fixed to beakers and metal parts for attaching plates and 288 

for connecting with the power supply. By this mechanism, the immersion area of the plates 289 

becomes constant, and the relationship between the current value and the current density is 290 

kept constant. In our conditions, immersion is 4 cm x 2 cm, and the current density will be 62.5 291 

mA/cm2 with a current of 1 A. In the accumulation procedure of Cu(I), a copper plate is attached 292 

to the anode and a platinum plate is attached to the cathode. In order to increase the 293 

accumulation efficiency of Cu(I), it is preferable to deoxidize the plating solution with nitrogen 294 

gas beforehand. 295 

  296 

Quantitative measurement of Cu(I) consists of a simple procedure. Pour the neutralization 297 

solution and BCS solution into the cell and mix the plating solution (Figure 4). It is necessary to 298 

stir for more than 20 min until Cu(I) and BCS react sufficiently. This is to ensure the accuracy of 299 

the measurement by sufficiently advancing the reaction. If Cu(I) is contained in the plating 300 

solution, the sample solution appears orange and an absorption spectrum having a peak at 485 301 

nm is obtained. Changes in solution color due to the complex formation were dramatic and 302 

surprised many copper plating technicians. 303 

 304 

It is confirmed that Cu(I) accumulates in the solution when a current is passed through the copper 305 

sulfate plating solution (Figure 5). The absorption spectrum shows the shape of the Cu(I)-BCS 306 

complex, which is suitable for calculating the Cu(I) concentration from the absorbance at 485 nm. 307 

Although the current value is arbitrary, Cu(I) is hardly accumulated at a current value of 0.2 A, 308 



and a higher current value is required. Although the accumulation amount of Cu(I) tends to 309 

increase with electrolysis time, it is saturated by excessive current (for example, electrolysis for 310 

more than 10 min at 1.0 A). The accumulation amount of Cu(I) increased by electrolysis for 10 311 

min when the current value was 0.5 to 1.0 A14. When an excessive current flowed (for example, 312 

at 1.0 A for 20 min), the Cu(I) concentration decreased. This is thought to be related to the 313 

formation of copper particles due to the progress of the disproportionate reaction. 314 

 315 

The reaction of Cu(I) and BCS in the plating solution has multiple time components, which often 316 

make the accurate determination of the concentration difficult. In order to solve this problem, 317 

an injection measurement is desirable (Figure 6). In this measurement, the absorption intensity 318 

of the Cu(I)-BCS complex is acquired as a changed amount from the baseline before injection of 319 

the plating solution, so it can be determined more accurately. In addition, since the reaction 320 

curve can be simply numerically analyzed, the concentration can be known with high accuracy 321 

even if the reaction is not completed. The components of the reaction curve are thought to 322 

reflect the retention structure of Cu(I) in the plating solution14.  323 

 324 

It is important to model the holding structure of Cu(I) in the plating solution against the assertion 325 

that Cu(I) in the plating bath instantaneously oxidizes Cu(II). We propose the following model 326 

from analysis of characteristics of the current amount, formation, and accumulation of Cu(I). A 327 

portion of the Cu(I) eluted from the copper plate is retained in solution in the form of a Cu(I)-PEG 328 

complex. In early stages of the complex formation, chloride ions are thought to play a role as a 329 

temporary stabilizer for Cu(I)6,8. Cu(I) coordinated to PEG is incorporated inside the three-330 

dimensional structure, and it is in a hydrophobic environment. When the formation of Cu(I) is 331 

promoted, excess Cu(I) is coordinated to the surface of the PEG and may be in the vicinity of the 332 

liquid. Since Cu(I) on the surface reacts promptly with BCS, it will reflect the A0 component of the 333 

reaction curve. Since the Cu(I) inside the PEG is protected from BCS attack, it has a slow AL 334 

component. It has been pointed out that the A0 component mainly influences the quality of the 335 

plating film15. This information is important for management of the plating solution. 336 

 337 

By accelerating the denaturation of the plating solution and verifying the accumulated Cu(I) 338 

concentration and the holding structure, it is possible to clearly characterize the plating solution. 339 

This is important not only for understanding the plating process but also for predicting the quality 340 

of the plating film to be produced. From the verification of the SEM image, it was shown that the 341 

Cu(I) concentration, especially the A0 component, is strongly involved in the generation of the 342 

roughness of the plating film (Figure 7). On-site measurement of Cu(I) gives new indications for 343 

the management of plating baths. 344 

 345 

This research can contribute to the management of the plating bath based on optical 346 

measurement. We aim to develop a system that can evaluate the state of the plating bath on the 347 

production line on-time and in situ. 348 

 349 

DISCLOSURES: 350 

We have nothing to disclose. 351 

 352 



ACKNOWLEDGEMENTS: 353 

We thank Miss. Hirakawa for her great contribution to this research. 354 

 355 

REFERENCES: 356 

1. Kondo, K., Akolkar, R. N., Barkey, D., Yokoi, M. Copper Electrodeposition for Nanofabrication 357 

of Electronics Devices Chap. 1, Springer, New York (2014). 358 

2. Kondo, K., Nakamura, T., Okamoto, N. Correlation between Cu (I)-complexes and filling of via 359 

cross section by copper electrodeposition. Journal of Applied Electrochemistry. 39, 1789-1795 360 

(2009). 361 

3. Healy, J. P., Pletcher, D., Goodenough, M. The Chemistry of the additives in an acid copper 362 

electroplating bath, Part II. The instability of 4,5-dithiaoctance-1,8-disulphonic acid in the bath 363 

on open circuit. Journal of Electroanalytical Chemistry. 338, 167-177 (1992). 364 

4. Frandon, E. E., Walsh, F. C., Campbell, S. A. Effect of thiourea, benzotriazole and 4,5-365 

dithiaoctane-1,8-disulphonic acid on the Kinetics of Copper Deposition from Dilute Acid Sulphate 366 

Solution. Journal of Applied Electrochemistry. 25, 574-583 (1995). 367 

5. Gabrielli, C., Mocoteguy, P., Perrot, H., Zdunek, A., Sanz, D. N. A Model for Copper Deposition 368 

in the Damascene Process Application to the Aging of the Deposition Bath. Journal of The 369 

Electrochemical Society. 154 (1), D13-D20 (2007). 370 

6. Yokoi, M., Konishi, S., Hayashi, T. Adsorption Behavior of Polyoxyethyleneglycole on the 371 

Copper Surface in an Acid Copper Sulfate Bath. Denki Kagaku 52, 218-223 (1984). 372 

7. Pan, S. Z., Song, L. X., Chen, J., Du, F. Y., Yang, J., Xia J. Noncovalent Interaction of Polyethylene 373 

Glycol with Copper Complex of Ethylenediaminetetraacetic Acid and Its Application in 374 

Constructing Inorganic Nanomaterials. Dalton Transactions. 40, 10117-10124 (2011). 375 

8. Feng, Z. V., Li, X., Gewirth, A. A. Inhibition Due to the Interaction of Polyethylene Glycol, and 376 

Copper in Plating Bath: A Surfce-Enhanced Raman Study. The Journal of Physical Chemistry B. 107, 377 

9415-9423 (2003). 378 

9. Palmer, J. Determination of Copper Species in Atmospheric Waters. The Plymouth Student 379 

Scientist 7 (2), 151-184 (2014). 380 

10. Faizullah, A., Townshend, A. Spectrophotometric Determination of Copper by Flow Injection 381 

Analysis with an On-Line Reduction Column. Analytica Chimica Acta 172, 291-296 (1985). 382 

11. Koga, T., Hirakawa, C., Takeshita, M., Terasaki, N. Quenching Characteristics of 383 

Bathocuproinedisulfonic Acid, Disodium Salt in Aqueous Solution and Copper sulfate plating 384 

solution. Japanese Journal of Applied Physics. 57, 04FL04-1-5 (2018). 385 

12. Noma, H., et al. Analysis of Cu(I) in Copper Sulfate Electroplating Solution. Journal of The 386 

Surface Finishing Society of Japan. 63, 124-128 (2012). 387 

13. Noma, H., et al. Analysis of Cu(I) Complexes in Copper Sulfate Electroplating Solution by Using 388 

Reaction Kinetics with a Chelate Regent. ECS Transactions. 58 (17), 77-88 (2014). 389 

14. Koga, T., Nonaka, K., Sakata, Y., Terasaki, N., Electrochemical Formation and Accumulation of 390 

Cu(I) in Copper Sulfate Electroplating Solution. Journal of The Electrochemical Society. 165 (10), 391 

D423-D426 (2018). 392 

15. Koga, T., Nonaka, K., Sakata, Y., Terasaki, N. Spectroscopic and Electrochemical Analysis of 393 

Cu(I) in Electroplating Solution and Evaluation of Plated Films. Journal of The Electrochemical 394 

Society. 165 (10), D-467-D471 (2018). 395 

 396 



0

0.05

0.1

0.15

400 450 500 550 600

Wavelength（nm）

A
b

s
o

rb
a

n
c

e

BCS-Cu(I)

electrolysis

new

1

Cu(I) accumulation

Figure Click here to access/download;Figure;TKoga-Fig1.pdf

https://www.editorialmanager.com/jove/download.aspx?id=948360&guid=8c331b3b-39cf-4dd6-b8b5-9d504e97b00c&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=948360&guid=8c331b3b-39cf-4dd6-b8b5-9d504e97b00c&scheme=1


Experimental bath

Copper plate Platinum plate

Acrylic 

fixing jig

stir bar

Current density: 1 A = 62.5 mA/cm2

Nitrogen gas

Power 

supply

Electrode 

(cathode)
Electrode (anode)

Electrolysis parameter

Anode: copper plate    

Cathode: platinum plate
Immersion area: 4 × 2 cm2

Bubbling gas: nitrogen

Current value:  0.1 to 1.0 A

Electrolysis time: 0 to 20 min

Figure Click here to access/download;Figure;TKoga-Fig2.pdf

https://www.editorialmanager.com/jove/download.aspx?id=948361&guid=b05b111a-56ff-4341-ad78-d8b728840261&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=948361&guid=b05b111a-56ff-4341-ad78-d8b728840261&scheme=1


(1)

(2)

Copper plate

Platinum plate

(2)

(3)

(4)

Power supply

Figure Click here to access/download;Figure;TKoga-Fig3.pdf

https://www.editorialmanager.com/jove/download.aspx?id=948362&guid=d4f5c2b1-7a88-41d3-acf9-3af6a685e9f2&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=948362&guid=d4f5c2b1-7a88-41d3-acf9-3af6a685e9f2&scheme=1


Neutralizing solution

BCS solution

Plating solution1) 

Sampling

2) 

Mixture

3) 

Absorbance Measuring solution

4) Determination of Cu (I) 

concentration

new electrolysis

Figure Click here to access/download;Figure;TKoga-Fig4.pdf

https://www.editorialmanager.com/jove/download.aspx?id=948363&guid=59a9e9cb-7ef2-44ef-826c-1eb700438c7b&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=948363&guid=59a9e9cb-7ef2-44ef-826c-1eb700438c7b&scheme=1


-0.05

0.05

0.15

0.25

400 450 500 550 600

Wave length (nm)

A
b

s
o

rb
a

n
c

e
b

a

c

d

e

Figure Click here to access/download;Figure;TKoga-Fig5.pdf

https://www.editorialmanager.com/jove/download.aspx?id=948364&guid=1742a456-dd12-483a-a976-f65b814074dd&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=948364&guid=1742a456-dd12-483a-a976-f65b814074dd&scheme=1


Plating solution injection

Chamber cover

Syringe port

Time (min)

A
b

s
o

rb
a

n
c

e

0

0.05

0.1

0.15

0.2

0 5 10 15 20

injection

Figure Click here to access/download;Figure;TKoga-Fig6.pdf

https://www.editorialmanager.com/jove/download.aspx?id=948365&guid=9c73acf5-d0be-4f08-bae8-20528053d5f1&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=948365&guid=9c73acf5-d0be-4f08-bae8-20528053d5f1&scheme=1


0

0.05

0.1

0.15

0.2

0 5 10 15 20

Time (min)

A
b

s
o

rb
a

n
c

e

♢ measurement

fitting curve 

Figure Click here to access/download;Figure;TKoga-Fig7.pdf

https://www.editorialmanager.com/jove/download.aspx?id=948366&guid=d9cc171a-1334-4b76-a6eb-0a8f24579edc&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=948366&guid=d9cc171a-1334-4b76-a6eb-0a8f24579edc&scheme=1


0

0.02

0.04

0.06

0.08

0 2 4 6 8 10 12

0 min 4 min 6 min 10 min

Time (min)

A
b

s
o
rb

a
n

c
e
 (

A
0

)

200 nm 200 nm200 nm200 nm

Figure Click here to access/download;Figure;TKoga-Fig8.pdf

https://www.editorialmanager.com/jove/download.aspx?id=948367&guid=22a1640b-6bee-46ac-81ab-d0d41b7348d3&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=948367&guid=22a1640b-6bee-46ac-81ab-d0d41b7348d3&scheme=1


Name of Material/ Equipment Company Catalog Number Comments/Description

Acetic acid Wako 016-18835

BCS Dojindo B002

Copper plate
YAMAMO

TO-MS
B-60-P05

Copper sulfate Wako 033-04415

Hydrochorinic acid
SIGMA-

ALDRICH
13-1750-5

JGB Wako 106-00011

Magnetic stirrer Iuchi HS-30D

NaOH
NACALAI 

TESQUTE
31511-05

PEG4000 Wako 162-09115

Platinum plate NILACO PT-353326

Power supply
TAKASAG

O
LX018-28

SPS Wako 327-87481

Stir bar AS ONE 1-5409-01

Sulfuric acid Wako 192-04696

Syringe port JASCO CSP-749
Thermostat cell holder with a 

stirrer
JASCO STR-773

UV/vis Spectrophotometer JASCO V-630
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Dear Editor 

 

JoVE59376 

“Accumulation and Analysis Methods of Copper Ion in Copper Sulfate Plating Solution” 

Toshiaki Koga, Yoshitaro Sakata, and Nao Terasaki 

 

 

We thank Editor for careful reading our manuscript and for giving useful comments. We 

appreciate that you are interested in our report. We have revised the manuscript 

JoVE59376 on the base of the editor comments. 

 

We look forward to a publication of our manuscript in Journal of Visualized Experiments. 

 

Sincerely 

 

Toshiaki Koga 

 

 

 

 

Our responses to the reviewew comments are as follows. The correction is described in 

red in the text. 

 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there 

are no spelling or grammar issues. 

 

Reply:  

I reviewed the spelling and grammar. 

------------------------- 

2. Figure 1: Please include a space between numerical values and their corresponding units 

(e.g., 1 A, 62.5 mA/cm2).  

 

Reply:  

We modified the new Figure 2. 

------------------------- 

3.  Please define all abbreviations before use. 
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Reply:  

We have defined SEM. 

------------------------- 

4.  Please expand the Short Abstract to briefly describe the applications of this protocol. 

 

Reply:  

Short abstract was expanded. 

 

Accumulation of cuprous ion in copper sulfate plating solution in model experiment and 

analysis based on quantitative measurement are described. This experiment reproduces 

the accumulation process of cuprous ion in the plating bath, which contributes to the 

elucidation of its mechanism and prediction of the quality of the plating film. 

------------------------- 

5.  Please expand the Short Abstract to briefly describe the applications of this protocol. 

 

Reply:  

Introduction was expanded. 

 

Conventionally, it has been claimed that Cu(I) in a plating solution is instantly oxidized 

to cupric ions (Cu(II)). We have confirmed that there are several millimoles (mmol/L) of 

Cu(I) in the plating bath of the production line12. According to this experiment method, 

the accumulation of Cu(I) similar to the plating bath can be reproduced even in the 

beaker of the laboratory. This is a fundamental technology to elucidate Cu(I) production 

and accumulation process in copper sulfate electroplating solution which was 

unknown14. Furthermore, by controlling Cu(I) in the plating solution, it is also possible 

to predict the effect of Cu(I) on the quality of the plating film15. 

------------------------- 

6.  Please remove commercial language from the manuscript text: JASCO. 

 

Reply:  

I excluded JASCO. 

------------------------- 

7.  Please remove commercial language from the manuscript text: JASCO. 

 

Reply:  



I excluded JASCO. 

------------------------- 

7.  Please remove commercial language from the manuscript text: JASCO. 

 

Reply:  

We reviewed the protocol. 

------------------------- 

8.  Please revise the protocol text to avoid the use of any personal pronouns (e.g., "we", 

"you", "our" etc.). 

9.  Please move the discussion about the protocol to the Discussion. 

10.  Please add more details to your protocol steps. 

 

Reply:  

We reviewed the protocol. 

------------------------- 

11.  Please provide the concentration of sulfuric acid. 

 

Reply:  

We filled in the concentration of sulfuric acid and copper sulfate. 

------------------------- 

12.  Please specify the temperature that is appropriate for storing the plating solution. 

 

Reply:  

I entered the storage conditions. 

------------------------- 

13.  Please specify the current value and predetermined time used in this step. 

 

Reply:  

I specified the current value and time. 

------------------------- 

14.  Please list an approximate volume of BCS solution to prepare. 

 

Reply:  

The BCS solution (10-2 mol / L) is prepared by dissolving 0.36 g of the molecule in 100 

mL of pure water. 

------------------------- 



15.  Please describe how to obtain the reaction curve and how to perform a numerical 

analysis. 

16.  Please describe how to perform curve fitting. 

 

Reply:  

Curve fitting was removed from the PROTOCOL and inserted into RESULTS. 

------------------------- 

17.  Please expand to explain the Representative Results in the context of the technique you 

have described. 

 

Reply:  

I expanded REPRESENTATIVE RESULTS and made FIGURE LEGENDS. 

------------------------- 

18.  Please revise the Discussion to explicitly cover the following. 

 

Reply:  

DISCUSSION was revised and added in red. 

------------------------- 

18.  Please revise the Discussion to explicitly cover the following. 

 

Reply:  

DISCUSSION was revised and added in red. 

------------------------- 

19.  Please include an Acknowledgements section. 

 

Reply:  

Added acknowledgment. 

------------------------- 

20.  References: Please do not abbreviate journal titles. Please do not apply superscript 

formatting to reference numbers in this section. 

 

Reply:  

The items pointed out was revised. 

------------------------- 

21.  Table of Materials: Please sort the items in alphabetical order according to the name of 

material/equipment. 



 

Reply:  

They are arranged in alphabetical order. 



Dear Reviewer 1 

 

JoVE59376 

“Accumulation and Analysis Methods of Copper Ion in Copper Sulfate Plating Solution” 

Toshiaki Koga, Yoshitaro Sakata, and Nao Terasaki 

 

 

We thank reviewer for careful reading our manuscript and for giving useful comments. 

We appreciate that you are interested in our report. We have revised the manuscript 

JoVE59376 on the base of the reviewer comments. 

 

We look forward to a publication of our manuscript in Journal of Visualized Experiments. 

 

Sincerely 

 

Toshiaki Koga 

 

 

 

 

Our responses to the reviewew comments are as follows. The correction is described in 

red in the text. 

 

1. In lines 62-63 it is preferred to add a figure or sketch and referred to show the 

Skeltonstructure of BCS-Cu(I). 

 

Reply:  

I changed Figure 3 to Figure 1 and added a guide to Figure 1. 

 

(See Figure 1). 

------------------------- 

2. in line 88, is it chlorine or chloride and is the source for this material? 

 

Reply:  

Yes, add hydrochloric acid so that the chlorine concentration becomes 1.41 mmol/L (1.4). 

------------------------- 
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3.  line 136 instead of (minus) it is o preferred to use (negative). 

 

Reply:  

Fixed plus to positive, minus to negative. 

------------------------- 

4. in line 118 and under it is prefer to point out to a figure of that jig for good presentation. 

 

Reply:  

A picture of the jig was added as Fig. 3 and an explanation was added in the sentence. 

 

2.6. The jig consists of an acrylic beaker fixing part (Fig. 3 (1)) and metal electrode parts 

(Fig. 3 (2)). The electrode part consists of the parts to fix the plate and the part connect 

to the cord from the power supply. 

 

2.7. Connect the electrode (anode) of the copper plate to the positive of the power 

supply (Fig. 3 (3)), and the electrode of the platinum plate (cathode) to the negative of 

the power supply (Fig. 3 (4)). 

------------------------- 

5. is it true to insert the electrode in the solution before turning on the current? Why? 

 

Reply:  

If the plate is inserted with the stirrer rotating, there is a possibility that the plating 

solution may splash, and the beaker may light up. In order to avoid danger, load the jig 

beforehand and let the current flow. 

------------------------- 

6. in line 208 , definition of symbols is required. 

 

Reply:  

I added the definition in the text. 

 

t is the time from the start of measurement, A0 increases the value of a component 

that reacts instantaneously (absorbance at t = 0) and AL increases the value of a 

component that reacts slowly (At - A0). TL is the time constants of AL component. 

------------------------- 

7.  in line 266 what is meant by: a copper plate is attached to the anode and platinum is 

attached to the cathode? 



 

Reply:  

We think that the copper plate of the anode dissolves by electrolysis and promotes the 

accumulation of copper ions in the plating solution. The same result could be obtained 

by using a copper plate for the cathode. However, we chose platinum plates, as it is 

presumed that the plate does not change and the influence on the plating solution is 

small, and we can use the same plate repeatedly in different experiments. 

------------------------- 

8.  It is also needed to confirm the effect of Cu(I) on the shape of the deposit in accordance 

with the suggested its formed generation with time> I think it is preferred to add SEM s figure 

 

Reply:  

Thank you for your advice. I will use Figure 8. 

------------------------- 

9.  Conclusions are needed 

 

Reply:  

I added it to the discussion and described it in the red. 



Dear Reviewer 2 

 

JoVE59376 

“Accumulation and Analysis Methods of Copper Ion in Copper Sulfate Plating Solution” 

Toshiaki Koga, Yoshitaro Sakata, and Nao Terasaki 

 

 

We thank reviewer for careful reading our manuscript and for giving useful comments. 

We appreciate that you are interested in our report. We have revised the manuscript 

JoVE59376 on the base of the reviewer comments. 

 

We look forward to a publication of our manuscript in Journal of Visualized Experiments. 

 

Sincerely 

 

Toshiaki Koga 

 

 

 

 

Our responses to the reviewew comments are as follows. The correction is described in 

red in the text. 

 

1. It must be clearly stated why only BCS was chosen, is it economic? 

 

Reply:  

I added it in the red during the introduction. 

 

The cuproine type color reaction reagent, which has been conventionally used for the 

determination of Cu(I), is hydrophobic and extraction with alcohol is necessary. It was 

shown that BCS is hydrophilic and can directly measure Cu(I) in aqueous solution. 

------------------------- 

2. The effect of temperature, pH,operating current/voltage and Cu sulfate concentrations on 

this solutions must be shown, as these are the industrial plating constrains. 

 

Reply:  
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The relationship between plating solution conditions and Cu(I) accumulation is 

interesting. However, we did experiments under the same conditions, so we do not have 

knowledge of the effects of temperature and sulfuric acid concentration. The 

relationship with the current value is a major problem and it is described in reference 

14. I added a sentence in the discussion. 

 

Although the accumulation amount of Cu (I) tends to increase with the electrolysis time, 

it is saturated by excessive current (for example, electrolysis for more than 10 minutes 

at 1 A). The Cu (I) accumulation amount increased with the current value by electrolysis 

for 10 minutes when the current value was 0.5 to 1.0 A14. 

------------------------- 

3. The section 2.2. is not clear. 

 

Reply:  

The explanation of 2.2 has moved to RESULTS. 

------------------------- 

4. line no. 109, error on section no. 

 

Reply:  

I fixed the mistake. 

------------------------- 

5. line no. 138, do not agree with 'thoroughly melt BCS' 

 

Reply:  

As you pointed out, 10-2 mol/L BCS can not be completely melted. Correct the sentences 

and add them. 

 

3.1. The BCS solution (10-2 mol/L) is prepared by dissolving 0.36 g of the molecule in 

100 mL of pure water. Stir the solution and dissolve the BCS in an excess amount 

relative to the monovalent copper. Store the BCS solution in a dark container and store 

it in the dark.  

NOTE: In the measurement, the BCS concentration in the sample solution is adjusted 

to 1000 times or more the Cu(I) concentration. 

------------------------- 

6. line no. 284, please give the value of excessive current. 

 



Reply:  

It depends on experimental conditions, but we added one example. 

 

Although the accumulation amount of Cu (I) tends to increase with the electrolysis time, 

it is saturated by excessive current (for example, electrolysis for more than 10 minutes 

at 1 A). The Cu (I) accumulation amount increased with the current value by electrolysis 

for 10 minutes when the current value was 0.5 to 1.0 A14. 

------------------------- 

7. Why the study is limited to 10 minutes. 

 

Reply:  

When an excessive current flows, the correlation between electrolysis time and Cu(I) 

accumulation amount collapses. For 1.0 A electrolysis, 10 minutes is the limit. 

------------------------- 

8. It is better to have results and discussion together. 

 

Reply:  

Revised REPRESENTIVE RESULTS (insert 2.2), and put the FIGURE LEGENDS term. 



Dear Reviewer 3 

 

JoVE59376 

“Accumulation and Analysis Methods of Copper Ion in Copper Sulfate Plating Solution” 

Toshiaki Koga, Yoshitaro Sakata, and Nao Terasaki 

 

We thank reviewer for careful reading our manuscript. We appreciate that you are 

interested in our report.  

 

We look forward to a publication of our manuscript in Journal of Visualized Experiments. 

 

Sincerely 

 

Toshiaki Koga 
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