
Journal of Visualized Experiments
 

Electrochemical Roughening of Thin-Film Platinum Macro and Microelectrodes
--Manuscript Draft--

 
Article Type: Invited Methods Article - JoVE Produced Video

Manuscript Number: JoVE59553R4

Full Title: Electrochemical Roughening of Thin-Film Platinum Macro and Microelectrodes

Keywords: Electrochemical roughening, high surface area electrode, neuromodulation, neural
stimulation, microelectrode, platinum, electrical stimulation, electrophysiology,
biosensor

Corresponding Author: Anna Belle
Lawrence Livermore National Laboratory
Livermore, CA UNITED STATES

Corresponding Author's Institution: Lawrence Livermore National Laboratory

Corresponding Author E-Mail: belle1@llnl.gov

Order of Authors: Anna Belle

Additional Information:

Question Response

Please indicate whether this article will be
Standard Access or Open Access.

Standard Access (US$2,400)

Please indicate the city, state/province,
and country where this article will be
filmed. Please do not use abbreviations.

Livermore, California, United States

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



 

 

 

  
 

Lawrence Livermore National Laboratory 

April 2, 2019 

 

 

Dear Dr. Wu, 

 

Please find enclosed our fourth (R3) revision of manuscript JoVE59553, entitled “Electrochemical 

Roughening of Thin-Film Platinum Macro and Microelectrodes” for consideration as an article in 

The Journal of Visual Experiments. 

 

We have revised the manuscript to address all changes requested by editors. The revisions are 

indicated by track changes in the version of the revised manuscript document entitled 59553_R3. 

We believe these revisions now make the filmed (highlighted) portion of the manuscript less than 

2.75 pages. 

 

In this work, we present a method to electrochemically roughen thin-film without comprising the 

fidelity of the film. Previously published electrochemical methods for roughening of thicker films 

damage thin-film electrodes. Our modified method can be used for the roughening of micro or 

macro think-film electrodes. Finally, we demonstrate how to characterize the active surface area of 

both the macro and microelectrodes. 

All authors have seen and approved the submission of this manuscript. This work is based on 

techniques we first reported in Ivanovskaya AN, Belle AM, Yorita AM, Qian F, Chen S, Tooker 

A, Garcia Lozada R, Dahlquist D, Tolosa VM. “Electrochemical Roughening of Thin-Film 

Platinum for Neural Probe Arrays and Biosensing Applications,” J. Electrochem. Soc. 2018 vol 

165, issue 12, G3125-G3132. Additionally, there has been a published patent application filed for 

this work under number US 2017 0350034. 

 

Sincerely, 

 

 
 

Anna Belle, Ph.D. 

7000 East Avenue, L-222 

Livermore, CA 94550 

Office: 925-424-6606 

Cell: 925-640-1014 

Email: belle1@llnl.gov 

Cover Letter

mailto:belle1@llnl.gov


   

Page 0 of 6   
 

TITLE:  1 
Electrochemical Roughening of Thin-Film Platinum Macro and Microelectrodes 2 
 3 
AUTHORS AND AFFILIATIONS:  4 
Anna N. Ivanovskaya1*, Anna M. Belle1*, Allison Yorita1, Fang Qian2, Supin Chen1, Angela Tooker1, 5 
Rose García Lozada1, Dylan Dahlquist1, Vanessa Tolosa1 6 
1Engineering Directorate, Lawrence Livermore National Laboratory, Livermore, California, USA 7 
2Physical and Life Science Directorate, Lawrence Livermore National Laboratory, Livermore, 8 
California, USA 9 
*These authors share equal contribution. 10 
 11 
Corresponding Author:  12 
Anna M. Belle  13 
belle1@llnl.gov 14 
 15 
Email Addresses of Co-authors: 16 
Anna N. Ivanovskaya (ivanovskaya1@llnl.gov) 17 
Allison Yorita  (yorita1@llnl.gov) 18 
Fang Qian  (qian3@llnl.gov) 19 
Supin Chen  (supin@neuralink.com) 20 
Angela Tooker  (tooker1@llnl.gov) 21 
Rose García Lozada (garcialozada1@llnl.gov) 22 
Dylan Dahlquist (dahlquist2@llnl.gov) 23 
Vanessa Tolosa (vanessa@neuralink.com) 24 
 25 
KEYWORDS:  26 
electrochemical roughening, high surface area electrode, neuromodulation, neural stimulation, 27 
microelectrode, platinum, electrical stimulation, electrophysiology, biosensor 28 
 29 
SUMMARY:  30 
This protocol demonstrates a method for electrochemical roughening of thin-film platinum 31 
electrodes without preferential dissolution at grain boundaries. The electrochemical techniques 32 
of cyclic voltammetry and impedance spectroscopy are demonstrated to characterize these 33 
electrode surfaces. 34 
 35 
ABSTRACT:  36 
This protocol demonstrates a method for electrochemical roughening of thin-film platinum 37 
electrodes without preferential dissolution at grain boundaries of the metal. Using this method, 38 
a crack free, thin-film macroelectrode surface with up to 40 times increase in active surface area 39 
was obtained. The roughening is easy to do in a standard electrochemical characterization 40 
laboratory and incudes the application of voltage pulses followed by extended application of a 41 
reductive voltage in a perchloric acid solution. The protocol includes the chemical and 42 
electrochemical preparation of both a macroscale (1.2 mm diameter) and microscale (20 µm 43 
diameter) platinum disc electrode surface, roughening the electrode surface and characterizing 44 
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the effects of surface roughening on electrode active surface area. This electrochemical 45 
characterization includes cyclic voltammetry and impedance spectroscopy and is demonstrated 46 
for both the macroelectrodes and the microelectrodes. Roughening increases electrode active 47 
surface area, decreases electrode impedance, increases platinum charge injection limits to those 48 
of titanium nitride electrodes of same geometry and improves substrates for adhesion of 49 
electrochemically deposited films. 50 
 51 
INTRODUCTION:  52 
Nearly five decades ago, the first observation of surface enhanced Raman spectroscopy (SERS) 53 
occurred on electrochemically roughened silver1. Electrochemical roughening of metal foils is still 54 
attractive today because of its simplicity over other roughening methods2,3 and its usefulness in 55 
many applications like improving aptamer sensors4, improving neural probes5, and improving 56 
adhesion to metal substrates6. Electrochemical roughening methods exist for many bulk 57 
metals1,5,7-10. Until recently, however, there was no report on the application of electrochemical 58 
roughening to thin (hundreds of nanometers thick) metal films6, despite the prevalence of 59 
microfabricated thin-film metal electrodes in a number of fields. 60 
 61 
Established methods to roughen thick platinum (Pt) electrodes5,8 delaminate thin-film Pt 62 
electrodes6. By modulating the frequency of the roughening procedure and the electrolyte used 63 
for the for the roughening, Ivanovskaya et al. demonstrated Pt thin-film roughening without 64 
delamination. That publication focused on using this new approach to increase the surface area 65 
of platinum recording and stimulation electrodes on microfabricated neural probes. The 66 
roughened electrodes were demonstrated to improve recording and stimulation performance 67 
and improve adhesion of electrochemically deposited films and improve biosensor sensitivity6. 68 
But this approach also likely improves surface cleaning of microfabricated electrode arrays and 69 
enhances the capabilities of thin-film electrodes for other sensor applications (e.g., aptasensors) 70 
as well. 71 
 72 
The approach to roughen thin-film macroelectrodes (1.2 mm diameter) and microelectrodes 73 
(20 µm diameter) is described in the following protocol. This includes preparation of the 74 
electrode surface for roughening and how to characterize the roughness of the electrode. These 75 
steps are presented along with tips on how to optimize the roughening procedure for other 76 
electrode geometries and the most important factors to ensure an electrode is roughened 77 
nondestructively. 78 
 79 
PROTOCOL: 80 
 81 
CAUTION: Please consult all relevant safety data sheets (SDS) before use. Several of the chemicals 82 
used in this protocol are acutely toxic, carcinogenic, oxidizing and explosive when used at high 83 
concentrations. Nanomaterials may have additional hazards compared to their bulk counterpart. 84 
Please use all appropriate safety practices when carrying out this protocol including the use of 85 
engineering controls (fume hood) and personal protective equipment (safety glasses, gloves, lab 86 
coat, full length pants, closed-toe shoes). 87 
 88 
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1. Cleaning the Pt electrode(s) before initial characterization and surface roughening 89 
 90 
1.1. Chemically clean the electrodes under ozone with a laboratory UV-ozone cleaner at 80 °C for 91 
10 min. 92 
 93 
1.2. Soak the portion of the probe containing the electrode(s) in a solvent (e.g., a 30 min soak in 94 
acetone for the microelectrodes demonstrated in this protocol). 95 

 96 
NOTE: Other methods may be more effective for removing organics from the electrodes 97 
depending on electrode housing and geometry, but this solvent soaking works well for the 98 
electrodes in the protocol. 99 
 100 
1.3. Electrochemically clean the surface of all electrodes by repetitive potential cycling in an 101 
acidic solution of perchloric acid. The perchloric acid solution does not need purging to change 102 
the concentration of any gasses present. 103 

 104 
1.3.1. Load settings onto the potentiostat to apply cyclic voltammograms (CVs) to the electrodes. 105 
Scan from -0.22 V to 1.24 V vs Ag|AgCl (or -0.665 V to 0.80 V vs mercury sulfate reference 106 
electrode (MSE), the reference used for roughening) at a scan rate of 200 mV/s.  107 
 108 
NOTE: Regardless of reference material used, all potentials in this paper are given with respect 109 
to Ag|AgCl (saturated with KCl) reference electrode. The potential offset between the MSE 110 
(containing 1.0 M H2SO4) used in this study and Ag|AgCl (saturated with KCl) is 0.44 V11. 111 
 112 
1.3.1.1. In the EC-Lab Software, under the Experiment tab, press the + sign to add 113 
electrochemical technique. In the pop-up window, Insert techniques will appear.  114 
 115 
1.3.1.2. Click on Electrochemical techniques. When it expands, click on Voltamperometric 116 
techniques. When that expands, double click on Cyclic Voltammetry – CV. 1-CV line will appear 117 
in the Experiment window.  118 
 119 
1.3.1.3. In the Experiment window, fill in the following parameters:  120 

Ei = 0 V vs Eoc 121 
dE/dt = 200 mV/s 122 
E1 = -0.665 V vs Ref 123 
E2 = 0.8 V vs Ref 124 
n = 200 125 
Measure <I> over last 50% of the step duration 126 
Record <I> averaged over N = 10 voltage steps 127 
E Range = -2.5; 2.5 V 128 
Irange = Auto 129 
Bandwidth = 7 130 
End scan Ef = 0 V vs Eoc 131 

 132 



   

Page 3 of 6   
 

1.3.2. Submerge the electrode tip of the device in a 500 mM perchloric acid (HClO4) solution that 133 
also contains a Pt wire counter electrode and MSE reference.  134 
 135 
NOTE: To avoid alterations in the electrochemical processes from chloride ion contamination, a 136 
chloride-free reference electrode (e.g., leakless Ag|AgCl or MSE, etc.) must be used for all tests 137 
performed inside acidic electrolytes in this protocol. 138 
 139 
1.3.3. Connect one electrode or short several electrodes of a multielectrode device together as 140 
the working electrode. 141 
 142 
1.3.4. Connect the working, counter, and reference electrodes to the potentiostat. 143 

 144 
1.3.5. In the EC-Lab Software, in the Experiment window, press Advanced settings on the left. 145 

 146 
1.3.6. Under Advanced settings, select Electrode configuration = CE to ground. Connect the 147 
working, counter and reference electrode to the instrument leads as shown on the Electrode 148 
connection diagram. 149 

 150 
1.3.7. Press the Run button (green triangle under Experiment window) to begin the experiment. 151 
 152 
1.3.8. Perform repetitive potential cycles until the voltammograms visually appear to overlap 153 
from one cycle to the next. This typically occurs after 50-200 CVs. 154 
 155 
2. Electrochemical characterization of the electrode surface before roughening 156 
 157 
2.1. Perform all electrochemical characterizations in the 3-electrode configuration described 158 
above in steps 1.3.2 - 1.3.4. All potentials in the following steps are given with respect to a 159 
Ag|AgCl reference electrode. Use a Pt wire as the counter electrode. Use a conventional Ag|AgCl 160 
electrode for characterization performed in phosphate buffered saline (PBS), but use a leakless 161 
Ag|AgCl or MSE as the reference for all tests performed in acidic solutions. 162 
 163 
2.1.1. Load settings on the potentiostat for the application of CVs from -0.22 to 1.24 V vs Ag|AgCl 164 
(or -0.665 V to 0.80 V vs MSE) at a scan rate of 50 mV/s. Submerge the electrode tip of the device 165 
in a beaker of deoxygenated 500 mM HClO4 (deoxygenated with N2 gas for ≥10 min) that also 166 
contains a Pt wire counter electrode and MSE reference.  167 
 168 
2.1.1.1. In the EC-Lab Software, under the Experiment tab, press the + sign to add 169 
electrochemical technique. In the pop-up window, Insert techniques will appear.  170 
 171 
2.1.1.2. Click on Electrochemical techniques. When it expands, click on Voltamperometric 172 
techniques. When that expands, double click on Cyclic Voltammetry – CV. 1-CV line will appear 173 
in the Experiment window.  174 
 175 
2.1.1.3. In the Experiment window, fill in the following parameters:  176 
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Ei = 0 V vs Eoc 177 
dE/dt = 50 mV/s 178 
E1 = -0.665 V vs Ref 179 
E2 = 0.8 V vs Ref 180 
n = 10 181 
Measure <I> over last 50% of the step duration 182 
Record <I> averaged over N = 10 voltage steps 183 
E Range = -2.5; 2.5 V 184 
Irange = Auto 185 
Bandwidth = 7 186 
End scan Ef = 0 V vs Eoc 187 

 188 
NOTE: The only differences between this setup and that described previously in step 1.3 are the 189 
use of deoxygenated 500 mM HClO4 and ensuring that only one electrode is used as the working 190 
electrode. In the EC-Lab Software, in the Experiment window, press Advanced settings on the 191 
left. 192 

 193 
2.1.1.4. Under Advanced settings, select Electrode configuration = CE to ground. Connect the 194 
working, counter and reference electrode to the instrument leads as shown on the Electrode 195 
connection diagram. 196 

 197 
2.1.1.5. Press the Run button (green triangle under Experiment window) to begin the 198 
experiment. 199 
 200 
2.1.1.6. Perform repetitive potential cycles until the voltammograms visually appear to overlap 201 
from one cycle to the next. 202 
 203 
2.1.2. Calculate the electrode surface area from the hydrogen adsorption peaks of the highly 204 
reproducible (overlapping) CVs using the method of J. Rodríguez, et al.11. 205 
 206 
2.1.2.1. Determine the charge associated with adsorption of a hydrogen monolayer (Q) to the 207 
electrode surface by integrating the two cathodic peaks of a CV between the potentials where 208 
the cathodic current deviates from the double layer current (𝑉𝑖) and the hydrogen evolution 209 
starts (𝑉𝑓) after subtracting the charge associated with monolayer charging (𝑄𝑑𝑙). Scan rate (ν) 210 

also effects this adsorption. Use the equation below to determine Q. 211 

Q =  
1

𝜈
∫ 𝐼𝑑𝑉 − 𝑄𝑑𝑙

𝑉𝑓

𝑉𝑖

 212 

 213 
Graphical representation of integrated area can be found in J. Rodríguez, et al.11. 214 
 215 
2.1.2.2. Calculate the effective surface area (A) of an electrode by dividing Q by the charge 216 
density of the formation of hydrogen monolayer (k). For an atomically flat polycrystalline Pt 217 
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surface, k = 208 µC/cm2. 218 
A = Q / k 219 

 220 
2.1.3. If the two cathodic peaks of a Pt CV are poorly resolved, estimate the electrode surface 221 
area from the double layer capacitance at the electrode-solution interface. Use of the approach 222 
described in step 2.1.1 when hydrogen peaks are poorly resolved will lead to inaccurate results. 223 
 224 
2.1.3.1. Measure the impedance spectra of a single electrode under open circuit conditions in 225 
PBS (pH 7.0, 30 mS/cm conductivity). Submerge the electrode tip of the device in PBS that also 226 
contains a Pt wire counter electrode and MSE reference. Connect one electrode at a time as the 227 
working electrode. Next, use a potentiostat to apply an impedance sign wave with an amplitude 228 
of 10 mV over the frequency range 1 Hz – 100 kHz. 229 
 230 
2.1.3.1.1. In the EC-Lab Software, under the Experiment tab, press the + sign to add 231 
electrochemical technique. In the pop-up window, Insert techniques will appear.  232 
 233 
2.1.3.1.2. Click on Electrochemical techniques. When it expands, click on Impedance 234 
Spectroscopy. When that expands, double click on Potentio Electrochemical Impedance 235 
Spectroscopy. 1-PEIS line will appear in the Experiment window.  236 
 237 
2.1.3.2. In the Experiment window, fill in the following parameters:  238 

Ei = 0 V vs Eoc 239 
fi = 1 Hz 240 
ff = 100 kHz 241 
Nd = 6 points per decade 242 
In Logarithmic spacing 243 
Va = 10 mV 244 
Pw = 0.1 245 
Na = 3 246 
nc = 0 247 
E Range = -2.5; 2.5 V 248 
Irange = Auto 249 
Bandwidth = 7 250 
 251 

2.1.3.3. In the EC-Lab Software, in the Experiment window, press Advanced settings on the left. 252 
 253 
2.1.3.4. Under Advanced settings, select Electrode configuration = CE to ground. Connect the 254 
working, counter and reference electrode to the instrument leads as shown on the Electrode 255 
connection diagram. 256 

 257 
2.1.3.5. Press the Run button (green triangle under Experiment window) to begin the 258 
experiment. 259 
 260 
 261 
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2.1.4. Determine the double layer capacitance from the electrode’s impedance spectra (collected 262 
in step 2.1.4.1) by fitting the spectra with an equivalent circuit model using impedance analysis 263 
software.  264 
 265 
NOTE: Analysis in representative results and in Ivanovskaya, et al.6 was carried out with the 266 
impedance analysis fitting tool Z Fit. 267 
 268 
2.1.4.1. In the EC-Lab Software, click Load data file under Experiment list menu. 269 
 270 
2.1.4.2. Select Nyquist Impedance plot type at the top menu bar. 271 
 272 
2.1.4.3. Click Analysis, then select Electrochemical Impedance Spectroscopy, and click Z Fit.  273 
 274 
2.1.4.4. When then Z-Fit Bio-Logics pop-up window appears, click the Edit button 275 
 276 
2.1.4.5. Select Display circuit with 2 elements and choose R1 + Q1 from the list of equivalent 277 
circuit models. Click OK.  278 
 279 
2.1.4.6. Expand the Fit section of the pop-up window and make sure that the settings are 280 
Randomize + Simplex, stop randomize at 5000 iterations, and stop fit on 5000 iterations.  281 
 282 
2.1.4.7. Press the Calculate button and observe initial fit spectra added to the plot. Press 283 
Minimize and observe finalized fit.  284 
 285 
2.1.4.8. Adjust fit boundaries (green circles) to exclude noisy or distorted data from the fit. 286 
Estimated fit parameters will appear under Results section. 287 
 288 
2.1.5. Ensure that the calculated equivalent circuit model fits a Nyquist plot of the data that 289 
includes ohmic resistance (R) in series with a constant phase angle (CPE). 290 
 291 
2.1.5.1. Take note of the double layer capacitance value (Q) that is part of CPE in the equivalent 292 
circuit model. 293 
 294 
2.1.5.2. Estimate the change in surface area as a ratio of Q measured before and after roughening 295 
since double layer capacitance (Q) increases linearly with active surface area12. 296 
 297 
3. Electrochemical roughening of a macroelectrode 298 
 299 
NOTE: Electrochemical roughening is driven by series of oxidation/reduction pulses that result in 300 
oxide growth and dissolution. In the case of a weakly adsorbing anion (like HClO4), this dissolution 301 
is accompanied by Pt crystallite redeposition while in the case of strongly adsorbing anions (like 302 
H2SO4) this process results in preferential intergrain Pt dissolution that creates microcracks in the 303 
electrode surface6. Therefore, usage of high purity HClO4 electrolyte is essential to prevent 304 
microcracks in the electrode surface. 305 
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 306 
3.1. Use a potentiostat able to apply voltage pulses with the 2 ms pulse width to roughen 307 
macroelectrodes. This procedure can be done with either potentiostat on the accompanying 308 
materials list. 309 
 310 
3.2. Program the following parameters into the potentiostat to roughen a 1.2 mm diameter Pt 311 
disk macroelectrode.  312 

 313 
3.2.1. Begin the roughening protocol with a series of oxidation/reduction pulses between -0.15 V 314 
(Vmin) and 1.9 – 2.1 V (Vmax) at 250 Hz with a duty cycle of 1:1 for 10 – 300 s. The duration of pulse 315 
application determines the extent of roughening, the longer the pulsing the more roughening 316 
occurs. Use Figure 1A and the discussion as a guide to help determine the specific parameters 317 
required to achieve a particular surface roughness. 318 
 319 
3.2.1.1. Open the VersaStudio program.  320 
 321 
3.2.1.2. Expand the Experiment menu and select New.  322 
 323 
3.2.1.3. In the Select Action pop-up window that appears, choose Fast potential pulses and enter 324 
the desired file name when prompted. Fast potential pulses line will then appear under Actions 325 
to be performed tab.  326 
 327 
3.2.1.4. Fill out the following under the Properties of Fast Potential Pulses/Pulse properties.   328 
Enter Number of pulses = 2, Potential (V) 1 = -0.39 vs Ref for 0.002 s, and Potential (V) 2 = 1.56 329 
vs Ref for 0.002 s. 330 
 331 
3.2.1.5. Under Scan properties, fill out: Time per point = 1 s, number of cycles: 50000 (for 200 s 332 
duration).  333 
 334 
3.2.1.6. Under Instrument properties, enter Current range = Auto. 335 
 336 
3.2.2. Program the potentiostat to immediately follow the series of pulses with a prolonged 337 
application of a constant reduction potential (-0.15 V (or -0.59 V vs MSE) for 180 s) to fully reduce 338 
any oxides produced and stabilize the electrode surface. 339 
 340 
3.2.2.1. In the VersaStudio Software, press the + button to insert a new step. 341 
 342 
3.2.2.2. Double click on Chronoamperometry. 343 
 344 
3.2.2.3. Enter Potential (V) = -0.59, Time per point (s) = 1, and Duration (s) = 180. 345 
 346 
3.2.3. Use the visual representation of the paradigm described in steps 3.2.1. and 3.2.2 (Figure 2) 347 
to aid in programming the potentiostat. 348 
 349 
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NOTE: Specific parameters will vary for different electrode geometries but using the parameters 350 
above as a starting point and then varying Vmax and pulse duration is the recommended method 351 
to optimize roughening parameters for other geometries. Using a high purity HClO4 solution is 352 
essential for this step. 353 
 354 
3.3. Submerge the electrode containing the tip of the device in 500 mM HClO4 that also contains 355 
a Pt wire counter electrode and MSE reference electrode. Then connect an individual electrode 356 
as the working electrode and apply the pulsing paradigm to roughen the electrode. 357 
 358 
3.4. In VersaStudio, press the Run button at the menu to start roughening. 359 
 360 
4. Electrochemical roughening of a microelectrode 361 
 362 
4.1. Use a potentiostat that can apply voltage pulses with the 62.5 µs pulse width to roughen 363 
microelectrodes. The VMP-300 potentiostat on the materials list is not capable of applying these 364 
short pulses, while the VersaSTAT 4 potentiostat can apply the rapid pulses required to roughen 365 
thin-film microelectrodes. 366 
 367 
4.2. Program the following parameters into the potentiostat to roughen a 20 µm diameter Pt disk 368 
microelectrode fabricated flush with its insulating material. The roughening protocol can be 369 
applied to a single electrode or several electrodes shorted together (see additional explanation 370 
in step 4.3). 371 
 372 
4.2.1. Begin the roughening protocol with a series of oxidation/reduction pulses between -0.25 V 373 
(Vmin) and 1.2 – 1.4 V (Vmax) at 4000 Hz with a duty cycle of 1:3 (oxidation:reduction pulse widths) 374 
for 100 s. Use guidance in the discussion to help determine the specific parameters required for 375 
other electrode geometries. 376 
 377 
4.2.1.1. Open the VersaStudio program.  378 
 379 
4.2.1.2. Expand the Experiment menu and select New.  380 
 381 
4.2.1.3. In the Select Action pop-up window that appears, choose Fast potential pulses and enter 382 
the desired file name when prompted. Fast potential pulses line will then appear under Actions 383 
to be performed tab.  384 
 385 
4.2.1.4. Fill out the following under the Properties of Fast Potential Pulses / Pulse properties, 386 
enter Number of pulses = 2, Potential (V) 1 = -0.49 vs Ref for 0.0625 ms, and Potential (V) 2 = 387 
1.06 vs Ref for 0.1875 ms. 388 
 389 
4.2.1.5. Under Scan properties, fill out: Time per point = 1 s, and number of cycles: 400,000 (for 390 
100 s duration).  391 
 392 
4.2.1.6. Under Instrument properties, enter Current range = Auto. 393 
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 394 
4.2.2. Program the potentiostat to immediately follow the series of pulses with a prolonged 395 
reduction potential (-0.20 V for 180 s) to fully reduce any oxides produced and stabilize the 396 
chemistry of the electrode surface. 397 
 398 
4.2.2.1. In the VersaStudio Software, press the + button to insert a new step. 399 
 400 
4.2.2.2. Double click on Chronoamperometry. 401 
 402 
4.2.2.3. Enter Potential (V) = -0.64, Time per point (s) = 1, and Duration (s) = 180. 403 
 404 
NOTE: Using a high purity HClO4 solution is essential for this step. 405 
 406 
4.3. Submerge the electrode containing tip of the device in 500 mM HClO4 that also contains a Pt 407 
wire counter electrode and MSE reference. Then connect an individual electrode or several 408 
shorted electrodes as the working electrode and apply the pulsing paradigm. In potentiostatic 409 
mode, electrodes can be shorted when trace resistance within the device is small. In that 410 
situation, ohmic drop through a device is negligible so all shorted electrodes will experience the 411 
applied potential. 412 
 413 
4.4. In VersaStudio, press the Run button at the menu on the top of the screen to start the 414 
roughening. 415 
 416 
NOTE: Roughening of microelectrodes may require adjustment of the pulsing parameters 417 
depending on the electrode geometry, Pt composition, and topology (e.g., well depth for an 418 
electrode recessed in insulating material). Start with the parameters listed here and modify the 419 
Vmax value to begin optimization of roughening parameters for different electrode geometries. 420 
The different pulsing parameters for three different geometries are summarized in Table 1. 421 
 422 
5. Characterization of electrode surface after roughening 423 
 424 
5.1. Determine the increase in effective surface area of macroelectrodes using steps 2.1.1-2.1.5. 425 
 426 
5.2. Determine the increase in effective surface area of microelectrodes using steps 2.1.1-2.1.5. 427 
 428 
5.3. Observe the changes in electrode appearance after roughening in optical microscopy as a 429 
loss of metal shininess (see Representative Results) and in scanning electron microscopy (SEM)6 430 
as an obvious decrease in surface smoothness. 431 
 432 
REPRESENTATIVE RESULTS: 433 
A schematic showing the voltage application for roughening both macroelectrodes and 434 
microelectrodes is shown in Figure 2. Optical microscopy can be used to visualize the difference 435 
in the appearance of a roughened macroelectrode (Figure 3) or microelectrode (Figure 4). In 436 
addition, electrochemical characterization of the Pt surface using impedance spectroscopy and 437 
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cyclic voltammetry can readily show the increased active surface area of a roughened 438 
macroelectrode (Figure 1) and microelectrode (Figure 5). The relationship between surface 439 
roughness and the number of roughening pulses applied (pulsing duration) is shown for 440 
macroelectrodes in Figure 4. For each new electrode geometry, within both the macroelectrode 441 
and microelectrode regimes, optimization of roughening parameters will likely be needed to 442 
obtain the ideal roughened surface for different applications. Table 1 presents an example of 443 
different roughening parameters to maximally increase electrode active surface area for different 444 
electrode geometries. 445 
 446 
FIGURE AND TABLE LEGENDS: 447 
Figure 1. Roughened Pt macroelectrode electrochemical characterization. (A) Roughness factor 448 
as a function of pulse duration during roughening of macroelectrodes (1.2 mm diameter) in 0.5 M 449 
HClO4 with Vmax= 1.9 V and Vmin= -0.15 V, 250 Hz pulses applied for differing durations. (B) Cyclic 450 
voltammetry (scan rate of 100 mV/s) of a Pt macroelectrode roughened in 0.5 M HClO4 with 451 
Vmax= 1.9 V pulse amplitude, 250 Hz 300 s pulsing resulting in a 44x area increase measured in 452 
0.5 M HClO4 before (blue) and after (red) roughening. 453 
 454 
Figure 2. Schematic of voltage pulsing paradigm for electrode roughening. Roughening begins 455 
with a series of oxidation/reduction pulses between a reductive, typically negative potential 456 
(Vmin) and an oxidative, typically positive potential (Vmax) immediately followed by a prolonged, 457 
constant application of a reductive potential to fully reduce any oxides produced by pulsing and 458 
stabilize the chemistry of the electrode surface. 459 
 460 
Figure 3. Optical microscopy images of Pt macroelectrodes. Electrode surface (A) as sputtered 461 
before roughening and (B) after roughening in perchloric acid solution. Parameters for 462 
roughening are found in Table 1. Each electrode is 1.2 mm in diameter. SEM of the electrode 463 
surfaces can been seen in Ivanovskaya, et al.6. 464 
 465 
Figure 4. Optical microscopy images of Pt microelectrodes roughened in perchloric acid 466 
solution. Parameters for roughening are found in Table 1 with the amplitude of Vmax as the only 467 
difference between the electrodes shown here. From left to right Vmax = (A) 1.2, (B) 1.3, (C) 1.4 468 
(V vs Ag|AgCl). Each electrode is 20 µm in diameter. SEM of the electrode surfaces can been seen 469 
in Ivanovskaya, et al.6. 470 
 471 
Figure 5. Roughened Pt microelectrode electrochemical characterization. (A) Impedance of 472 
roughened Pt microelectrode (20 µm disk) in PBS. The measured impedance (black circle) over 473 
the frequency range of 10 Hz – 100 kHz is shown overlaid by the modelled impedance (red x) 474 
from the equivalent circuit model. (B) Cyclic voltammetry (scan rate of 500 mV/s) of Pt 475 
microelectrode roughened in 0.5 M HClO4 with Vmax= 1.4 V pulse amplitude measured before 476 
(blue) and after (red) roughening. The roughened electrode has a 2.6x increased active surface 477 
area calculated from a ratio of roughness factors described in step 2.1.3 (surface roughness 478 
before = 1.48, surface roughness after = 3.8). 479 
 480 
Table 1. Optimized parameters for roughening of different electrode geometries. 481 
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 482 
DISCUSSION: 483 
The electrochemical roughening of thin-film macroelectrodes and microelectrodes is possible 484 
with oxidation-reduction pulsing. This simple approach does require several key elements to 485 
nondestructively roughen thin-film electrodes. Unlike foils, roughening of thin metal films may 486 
lead to sample destruction if parameters are not properly chosen. Critical parameters of the 487 
roughening procedure are pulse amplitude, duration and frequency. Additionally, ensuring 488 
electrode cleanliness and perchloric acid purity prior to the procedure are critical to prevent 489 
electrode damage. The presence of organics or contaminates from the microfabrication process 490 
can contribute to destruction of the electrode via corrosion or delamination. Therefore, it is 491 
critical to ozone clean and solvent soak the device as well as to electrochemically prepare the 492 
electrode surface before the roughening begins. 493 
 494 
Electrochemical roughening is driven by series of oxidation/reduction pulses that result in 495 
repetitive oxide growth and dissolution. In the case of a weakly adsorbing anion (like HClO4), this 496 
process is accompanied by Pt crystallite re-deposition. But, in the case of a strongly adsorbing 497 
anion (like H2SO4), this process results in microcrack formation due to preferential intergrain Pt 498 
dissolution6. The presence of chloride can also cause the destruction of the electrode during the 499 
roughening process. For this reason, it also critical to use high purity perchloric acid, a chloride 500 
free (or leakless) reference electrode and eliminate any other potential sources of chloride 501 
contamination. 502 
 503 
If using impedance to estimate the surface area of microelectrodes (step 2.1.4), keep these things 504 
in mind. The impedance spectra of a clean Pt electrode in PBS under open circuit conditions 505 
should result in a linear Nyquist plot. This linearity indicates a purely capacitive response. 506 
Significant bending or deviations from linearity would indicate charge transfer due to the slow 507 
kinetics of dissolved oxygen reduction6. In the impedance analysis software, an equivalent circuit 508 
model is used to fit curves to this Nyquist plot. This equivalent circuit model consists of ohmic 509 
resistance (R) in series with a constant phase element (CPE), where R is composed of the device 510 
trace electrical resistance and ionic resistance of the solution and the CPE represents the double 511 
layer capacitance at the electrode-solution interface. The CPE parameters of double layer 512 
capacitance (Q) and exponent (α) are extracted from fitting the impedance spectra. Typically 513 
observed Q values for clean, sputtered Pt in PBS are close to 50 μF/ sα-1 cm2 (in good agreement 514 
with the range 10–60 μF/cm2 observed on smooth metal electrodes in similar tests6,12). 515 
 516 
The electrodes here were all discs of 250 nm thick sputtered Pt, fabricated flush with the flexible 517 
polyimide material that insulates the array6,13,14. The roughening parameters will be different for 518 
different electrode geometries within the macroelectrode and microelectrode scales (shown in 519 
Table 1) and will need optimization for new electrode geometries. While not investigated here, 520 
there may also be differences in the parameters needed to roughen electrodes of the same 521 
geometry based on their topography (e.g., how recessed into the insulating substrate the 522 
electrode sits or if the electrode is created through evaporation instead of sputtering). Optimal 523 
roughening parameters may depend on the thin-film fabrication techniques used to create the 524 
device because the way a film is created may influence grain size and the preferential orientation 525 
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of Pt crystalline domains in the Pt which may alter the metal reactivity.  526 
 527 
With this roughening approach, larger electrodes can withstand a greater Vmax. This larger pulse 528 
amplitude enables 10x greater increases in the roughness factor of macroelectrodes compared 529 
to microelectrodes. This limits the applicability of the technique for roughening of 530 
microelectrodes if a more than 10x increased roughness is needed. Roughened 1.2 mm diameter 531 
macroelectrodes with a 44x increase in surface area showed charge injection limits of 532 
0.5 – 1.39 mC/cm2, which are comparable to titanium nitride and carbon nanotube materials and 533 
2 – 4 times greater than untreated platinum samples6. 534 
 535 
In addition to the Nyquist plots shown in Figure 5A to characterize roughening’s effect on 536 
microelectrodes, Bode plots for the impedance of roughened macroelectrodes and 537 
microelectrodes are shown in Ivanovskaya, et al6. From these Bode plots, the impedance at 1 kHz 538 
for an optimally roughened macroelectrode is 2.5x lower than the electrode before roughening 539 
(208.7 kΩ for untreated to 83.7 kΩ for the roughened electrode). And for microelectrodes, the 540 
impedance at 1 kHz was lowered ~2x (from 672 kΩ untreated to 336 kΩ for the roughened 541 
electrode). 542 
 543 
Critical protocol parameters are pulse amplitude, duration and frequency and they need 544 
adjustment depending on the electrode size and morphology. When optimizing the roughening 545 
parameters for a new electrode type, start with the parameters in Table 1 and begin varying Vmax. 546 
Fine tuning of the roughness factor (or a desired surface area) can then be achieved by varying 547 
pulse duration. While the specific pulsing parameters may need slight modification depending on 548 
the electrode geometry, topology and Pt composition, this roughening technique can be used to 549 
improve adhesion of electrodeposited films and improve electrode characteristics such as 550 
impedance, charge injection limits and charge storage capacity as demonstrated in Ivanovskaya, 551 
et al.6.  552 
 553 
Recipes for electrochemical roughening of metal foils have existed for nearly five decades1 and 554 
electrochemical roughening of metal is still attractive because of the approach’s simplicity and 555 
utility. But, use of this simple approach to roughen thin-film electrodes was not as straight 556 
forward and there was little information available on the procedure to successfully roughen thin 557 
metal films. With the approach described here, thin-film electrodes can now be easily 558 
electrochemically roughened. These roughened electrodes can be used to improve recording and 559 
stimulation electrodes in neural probes, improve adhesion of electrochemically deposited films 560 
to substrates, improve biosensor sensitivity, improve thin-film based aptasensor sensitivity, or to 561 
clean electrode arrays after fabrication. 562 
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Vmin Vmax Potential

(V) (V) (V)

1.2 mm 

diameter 

Pt disk

-0.15 1.9 – 2.1 250 1:1 10-300 -0.15 180 44 (a)

20 µm 

diameter 

Pt disk

-0.25 1.2 - 1.4 4000 1:3 100 -0.25 180
2.6 (a)

2.7 (b)

10 µm 

diameter 

Pt disk

-0.25 1.1 4000 1:3 100 -0.25 180 2.2 (b)

Roughness factor

(a) estimated from CV

(b) estimated from EIS

Potential Pulses
Constant

Potential

Electrode 

Geometry

Frequency 

(Hz)
Duty cycle

Duration 

(s)

Duration 

(s)
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Name of Material/ Equipment Company Catalog Number Comments/Description

Acetone

Fisher Scientific, 

Sigma Aldrich or 

similar

n/a Laboratory grade

EC-Lab Software
Bio-Logic Science 

Instruments
n/a

For instrument control 

and data analysis

Leakless Silver/Silver Chloride 

Reference

eDAQ Company, 

Australia
ET069-1

Free from chloride anion 

contamination

(or other type of chloride 

free electrode e.g. 

Mercury sulfate 

electrode)

Mercury Sulfate & Acid Electrode 

Kit 

Koslow, Scientific 

Testing Instruments
5100A glass, 9mm version

Milipore DI water MilliporeSigma n/a
Certified resistivity of 18.2 

MΩ.cm (at 25°C) 

Perchloric acid, 99.9985% Sigma Aldrich 311421 High Purity

Phosphate-buffered saline Teknova P4007

10mM PBS with 100mM 

NaCl, pH 7

or similar product from 

elsewhere
Platinum Wire Auxiliary Electrode 

(7.5 cm)
BASi MW-1032 Counter electrode

Pt macroelectrodes

Lawrence 

Livermore National 

Laboratory n/a

1.2 mm diameter, 250 nm 

thick Pt disc electrodes 

insulated in polyimide. 

More information in 

Reference 9.
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Pt microelectrode arrays

Lawrence 

Livermore National 

Laboratory n/a

20 µm diameter 250 nM 

thick Pt disc electrodes 

insulated in polyimide. 

More information in 

Reference 9.
Sulfuric acid, 99.999% Sigma Aldrich 339741 High Purity

UV & Ozone Dry Stripper Samco UV-1 for cleaning electrodes

VersaSTAT 4 Potentiostat AMETEK, Inc. n/a
Good time resolution for 

pulsing tests

VersaStudio Software AMETEK, Inc. n/a For instrument control

VMP-200 Potentiostat 
Bio-Logic Science 

Instruments
n/a

Low current 

resolution option is 

preferable for 

measurements with 

microelectrodes
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