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Abstract

Here, we provide an optimized method for fabricating surface roughened graphene oxide 

disk microelectrodes (GFMEs) with enhanced defect density to generate a more suitable 

electrode surface for dopamine detection with fast-scan cyclic voltammetry (FSCV). FSCV 

detection, which is often influenced by adsorption-based surface interactions, is  commonly 

impacted by the chemical and geometric structure of the electrode’s surface, and graphene oxide 

is a tunable carbon-based nanomaterial capable of enhancing these two key characteristics. 

Synthesized GFMEs possess exquisite electronic and mechanical properties. We have optimized 

an applied inert argon (Ar) plasma treatment to increase defect density, with minimal changes in 

chemical functionality, for enhanced surface crevices to momentarily trap dopamine during 

detection. Optimal Ar plasma treatment (100 sccm 60 s 100 W) generates crevice depths of 33.4 

 2.3 nm with high edge plane character enhancing dopamine interfacial interactions. Increases 

in GFME surface roughness improve electron transfer rates and limit diffusional rates out of the 

crevices to create nearly reversible dopamine electrochemical redox interactions. The utility of 

surface roughened disk GFMEs provide comparable detection sensitivities to traditional 

cylindrical carbon fiber microelectrodes while improving temporal resolution ten-fold with amplified 

oxidation current due to dopamine cyclization. Overall, surface roughened GFMEs enable 

improved adsorption interactions, momentary trapping, and current amplification expanding the 

utility of GO microelectrodes for FSCV detection.
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Introduction

 Here, we synthesized roughened, surface defect-enhanced graphene oxide (GO) 

microfibers for ultrasensitive, electrocatalytically enhanced, subsecond neurochemical detection. 

Fast-scan cyclic voltammetry (FSCV) at carbon fiber (CF) microelectrodes (CFMEs) is one of the 

most prominent electroanalytical tools for measuring real-time neurochemical signaling.1–3 

CFMEs enable low limits of detection with a large working potential window permitting rapid 

neurochemical detection in biological samples.1,4,5 Unfortunately, CF’s heterogenous molecular 

framework1,6,7 hinders uniform and robust surface manipulation with limited interfacial interactions 

of numerous neurochemical structural classes resulting in recent work exploring new 

carbonaceous materials  to overcome CFME disadvantages8–10 and enhance FSCV 

measurements.11–17 The tunability of carbon-based substrates is important for improving 

neurochemical surface interactions11 resulting in many groups exploring novel carbon 

nanomaterials to compensate for CFME deficiencies.11,14–16,18–25 Surface geometry/chemistry 

improvements provided by materials such as carbon nanotube yarns,22–24 carbon nanohorns,26 

carbon nanospikes,19,27 carbon nanofibers,21 etc. enhance the rapid and sensitive nature of these 

neurochemical measurements. Graphene-based substrates, derived from nanosheets, are 

another novel electrode with a tunable 2-dimensional geometry of two well-defined planes: basal 

and edge.17,28–30 The conjugated sp2 hybridized basal plane is atomically flat with low defect 

density whereas the sp3 hybridized edge plane consists of high levels of defects and functional 

groups.31,32 We previously developed graphene oxide microelectrodes (GFMEs) for 

neurochemical detection with FSCV.17 GFME’s contain highly oxidized graphene sheets with high 

specific surface area and electrical conductivity, which lead to significant enhancements in 

sensitivity, kinetics, fouling resistance, and electrochemical reversibility.17,30,33 GFMEs have also 

recently expanded our understanding of specific neurochemical-electrode interactions17,30 

Page 3 of 33

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



displaying the attractiveness of the substrate’s tunable surface. This work provides a method for 

increasing GFME surface roughness for stable, ultrasensitive, temporally resolved FSCV 

detection.

Tunable graphene materials are used commonly for energy storage applications due to 

their attractive mechanical, thermal, and electronic properties.34–38  Graphene fiber materials have 

adopted these properties exhibiting high conductivity and flexibility33,39–41 which are attractive for 

FSCV neurochemical detection.17,30 GO’s highly oxidized surface is attractive for electrochemical 

detection because of its surface defects, hydrophilic properties, and attractive oxygen functionality 

for cationic neurochemicals.17,20,30,42,43 The Venton group studied dopamine detection at CFMEs 

electrodeposited with GO showing enhanced detection sensitivity and limits of detection.20 The 

Cui group also generated similar improvements to dopamine detection by fabricating fuzzy 

graphene microelectrode arrays.42 Hydrothermal methods, microfluidic assemblies, wetspinning, 

and ion cross-linking procedures have even permitted the fabrication of individual graphene 

fibers.33,44–46 These novel studies inspired our group’s recent push for fabricating GFMEs to 

evaluate specific neurochemical interactions at well-defined carbon surfaces.17,30 GFMEs not only 

enhance electron transfer, frequency dependence, and fouling resistance,17 but recent studies 

from our lab have fine-tuned GO sheet alignment to show some neurochemicals fail to interact at 

edge-plane sites, a controversial finding in electrochemistry.30 These results add to the ongoing 

conflict of attractive edge vs. basal plane electrochemical properties and inspired us to explore 

how altering the surface roughness of these novel electrodes impacts neurochemical detection 

with FSCV.

Here, we provide an optimized method of plasma treating GFMEs for increased surface 

roughness to enhance dopamine detection with FSCV. The surface topology of GO substrates 

can be manipulated by various methods to generate enhanced surface roughness47 or holes in 

membranes/films;34–36,40 applications use GO substrate treatments to tune the surface structures 

for enhanced performance in supercapacitors, CO2 capture, water distillation, etc., but these 

Page 4 of 33

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



substrates cannot be easily fabricated into microfiber frameworks. We have previously 

demonstrated that inert plasma treatments with argon (Ar) do not alter CFME surface 

functionalization but enhance neurochemical adsorption strength, electrochemical reversibility, 

sensitivity, and electron transfer kinetics.13 Surface roughness plays an important role in 

improving adsorption interactions at CFMEs and has shown to promote local trapping phenomena 

for dopamine with FSCV.13,14,18,21,22,24 Because of the wealth of knowledge of how geometry 

impacts dopamine detection with FSCV, we chose to study the impact of surface roughening of 

GO microfibers on FSCV detection. We adapted and modified our previously published method 

for Ar-plasma treated CF to investigate the extent to which Ar-plasma influences electrochemical 

detection at GFME’s. Overall, we observed a two-fold increase in surface roughness following 

optimal Ar plasma treatment. Ar plasma treated GFMEs are highly stable and display 

enhancements in surface defects permitting highly sensitive, temporally resolved dopamine 

measurements with FSCV. The microfibers in this work improve the overall performance of 

GFMEs with slight surface functionality alterations providing an efficient method of evaluating 

neurochemical interactions at roughened, defect-dense GO surfaces.

  

Experimental Methods

Reagents

GO microfibers were synthesized from a mixture of a single-layer GO dispersion in water 

(10 mg mL-1) purchased from ACS Material (Pasadena, CA, USA) and L-ascorbic acid (99%) 

purchased from Sigma Aldrich (St. Louis, MO, USA). GO microfiber chemical additives include 

potassium hydroxide ( 99.98%) purchased from Thermo Fisher Scientific (Waltham, MA, USA) 

and sodium hydroxide ( 97.0%), polyacrylonitrile (or PAN, MW = 150,000), poly(methyl 

methacrylate) (or PMMA, MW = 350,000), and poly(3.4-ethylenedioxythiopene)-

poly(styrenesulfonate), 3.0-4.0% in H2O (or PEDOT:PSS) purchased from Sigma Aldrich. Tris 
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buffer is prepared in Milli-Q deionized water (Millipore, Billerica, MA, USA) consisting of 15 mM 

Tris Base, 140 mM NaCl, 3.25 mM KCl, 1.25 mM NaH2PO4 monohydrate, 1.20 mM MgCl2 

hexahydrate, 2 mM Na2SO4 anhydrous, and 1.20 mM CaCl2 dihydrate all purchased from Thermo 

Fisher Scientific. The chemical reagents HCl and dopamine were purchased from Thermo Fisher 

Scientific while serotonin hydrochloride was purchased from Sigma Aldrich. 10 mM dopamine 

stock solutions were stored at 4C after dissolving in 0.1 M HCl. Tris buffer (pH = 7.40) was used 

to dilute stock solutions to derive experimental solutions.

Graphene oxide microfiber synthesis

A modified hydrothermal method was used to synthesize randomly aligned GO 

nanosheets / misaligned GO microfibers similar to our previously published work.17,30 In summary, 

a 10 mg mL-1 dispersion of GO in water was combined with 1% w/w L-ascorbic acid (AA) and 

stirred to ensure solution homogeneity. The GO-AA solution was then placed in a 3 mL transfer 

pipet (Globe Scientific, Inc., Mahwah, NJ, USA) coupled with a 10 L micropipette tip (Mettler-

Toledo, LLC, Columbus, OH, USA) and injected into a glass capillary tube (1 mm x 0.25 mm; 

A&M Systems, Inc., Sequium, WA, USA). Capillary tubes were then sealed using air-dry epoxy 

(J-B Weld 50112 ClearWeld Quick Setting Epoxy Syringe – Clear) and placed at 80 C for 24 h. 

After setting, the epoxy seal was removed, and capillaries remained in the oven for 24 h for 

complete dryness and fiber formation. Finally, capillaries were placed in isopropyl alcohol for 20 

min and the fibers were extracted.

Graphene oxide microelectrode fabrication

GO disk microelectrodes were constructed similar to prior reports.17,30 Shortly, GO fibers 

were vacuum aspirated into glass capillary tubes (1.2 mm x 0.68 mm, A-M Systems, Inc., 

Sequium, WA, USA) and pulled using a vertical Narishige PE-22 electrode puller (Tokyo, Japan). 

GO fibers were cut to the glass seal and sealed using Epoxy Resin 828 and 14% w/w 1,3-

phenylenediamine heated at 80 C. The electrodes were then submerged for 3 s in acetone to 
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remove excess epoxy and cured at 110 C for 12 h. Electrodes were polished at 45  for 30 min 

using a diamond abrasive plate to produce a polished disk microelectrode. Acquisition of 

electrochemical data was preceded with soaking electrodes in isopropyl alcohol for 10 min and 

backfilling with 1 M KCl.

Graphene oxide microelectrode plasma surface treatment

GO disk electrodes were plasma treated using a CS-1701 RIE plasma etcher (Nordson 

MARCH, Westlake, OH, USA) with a 13.56 MHz RF generator. The electrodes were placed inside 

the plasma etcher and Ar plasma was delivered at a constant pressure of 70 torr, flow rate of 100 

sccm (standard cubic centimeters per minute), and a varied plasma application time and power. 

Plasma treatment time and power were optimized using a combination of scanning electron 

microscopy (SEM) imaging for fiber deterioration information and electrochemical detection 

analyzing electrochemical reversibility of dopamine’s redox mechanism.

Material characterization

Standard surface characterization techniques were used to analyze the physical and 

chemical properties of untreated and Ar-treated GO microfibers/microelectrodes. SEM 

micrographs qualitatively assessed individual fibers and disk electrodes using an FEI XL30 SEM 

(Advanced Materials Characterization Center, University of Cincinnati, Cincinnati, OH, USA). 

Atomic force microscopy (AFM) imaging quantitatively analyzed surface roughness of the 

side/profile of individual untreated and Ar-treated GO microfibers. AFM images were acquired in 

non-contact tapping mode at a frequency of 1 Hz and 512 x 512-pixel resolution (Bruker 

Dimension Icon ScanAsyst AFM, Billerica, MA, USA). Raman spectroscopy was performed on 

polished disk electrodes using a Renishaw InVia Reflex spectrometer (Guocestershire, UK) 

controlled by WiREInterface excited by a 633 nm Ar-ion laser at 10% power and an integration 

time of 10 s to acquire 7 m x 7 m Raman maps. X-ray photoelectron spectroscopy (XPS) 

analyzed elemental composition of GO fiber surfaces before and after Ar plasma treatment using 
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a ThermoScientific Nexsa X-ray Photoelectron Spectrometer with a hemispherical analyzer and 

monochromatic Al K source (Wayne State University, Detroit, MI, USA). Samples were mounted 

using conductive Cu tape and a base pressure of 1.7 x 10-7 mbar was used for data acquisition 

with a flood gun employed for surface charge neutralization.

Electrochemical detection methods

Cyclic voltammetry was performed using a CH Instruments electrochemical workstation 

(Model 620, Bee Cave, TX, USA). A single component electrochemical cell was used in a three-

electrode configuration with a GO working microelectrode, Pt wire counter electrode, and Ag/AgCl 

(3 M KCl) reference electrode. Fast-scan cyclic voltammograms were collected using a 

WaveNeuro potentiostat (Pine Instruments, Durham, NC, USA). Reported cyclic voltammograms 

were background subtracted to remove non-faradaic current as the electrode was scanned using 

dopamine’s traditional waveform (scanning at 400 V s-1 from -0.4 V to 1.3 V and back at a 

repetition rate of 10 Hz). The working electrode was equilibrated for 10 min prior to data 

acquisition and the average current, from three consecutive injections, for each analyte was 

recorded. All electrodes were tested in a home-built flow injection setup consisting of a six-port 

HPLC actuator (Valco Instruments, Houston, TX, USA) and syringe pump (Model Fusion 100, 

Chemyx, Stafford, TX, USA) set to a constant flow rate of 1 mL min-1 to deliver buffer. All 

experiments were performed at room temperature.

Statistics/Graphics

GraphPad Prism V. 10.0 (GraphPad Software Inc., La Jolla, CA, USA) software was used 

to create graphical depictions and perform statistics. Data was reported statistically significant 

with statistical p-values at a 95% confidence interval (p < 0.05). All values are reported as mean 

 standard error of the mean with electrode number denoted by n. Raman spectroscopy data was 

analyzed in Wire 5.5 (Renishaw, Wotton-under-Edge, United Kingdom), and Raman 

spectroscopy and XPS graphs were plotted using Origin Pro 2022.
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Results and Discussion:

Figure 1. Schematic of the fabrication process of surface-roughened GO microfibers using Ar 
plasma for improved dopamine interfacial interactions and electrochemical reversibility. Disk GO 
microelectrodes are treated with Ar plasma to form a roughened electrode surface with no added 
functionalization (created in Biorender.com)

Surface-roughened graphene oxide microfiber fabrication and characterization

GFMEs were fabricated following a modified hydrothermal procedure17,30,48,49 to fabricate 

microfibers of 24.9  1.2 m in diameter (n = 6). By facilitating enhanced - interactions between 

GO sheets, the modified hydrothermal procedure with the addition of 1% w/w L-ascorbic acid 

allows for mild heating conditions to promote 3D GO sheet microfiber framework formations. 

Microfibers were aspirated through a glass capillary and vertically pulled electrodes were epoxy 

sealed and polished to produce a 45  micro-disk electrode (Figure 1). Hand-fabrication creates 

slight deviations in electrode surface area, but batch-to-batch fiber diameters are reproducible 

with consistent electrochemical performance prior to surface roughness treatments. Surface 

roughness and defects have been shown to impact electrochemical performance enhancing 

electron transfer rates with increased edge plane character.6,7,13,30 To generate increased surface 

roughness and disorder degrees, various GO dispersion chemical additives and microfiber 
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treatments were evaluated electrochemically to determine the optimal method for reproducible 

surface roughened GFMEs (Figure S1).

Many reports use surface treatments and/or chemical additives for surface morphology 

alterations of GO substrates to enhance porosity and surface roughness.34–36,40,47 Here, we 

elected to adopt several of these methods in an effort to generate optimal GFME surface 

roughness for FSCV detection of dopamine. Chemical additives explored in this manuscript 

include activation agents like potassium hydroxide and sodium hydroxide or polymers like 

PEDOT:PSS, PMMA, or PAN (Figure S1); for information on the synthetic processes used for GO 

microfiber formation with these chemical additives, see Supporting Methods. These chemical 

additives were either mixed into GO dispersions for fiber formation or used to soak GO microfibers 

after formation. Heat treatment procedures followed to induce kinetically driven activation of the 

GO microfibers or to degrade polymer additives. Surface roughness methods were not further 

investigated if they resulted in poor electrochemical performance, poor fiber mechanical 

properties, or irreproducible fabrication of fiber frameworks (See Figure S1 for example SEM 

images of some GO microfibers fabricated). Additives like 10% w/w PEDOT:PSS heated to 390C 

for 30 mins (Figure S1 C) or soaking GO microfibers in 7 M KOH (Figure S1F) resulted in 

negligible improvements in GFME electrochemical performance following treatment conditions 

with no evidence of enhanced dopamine interfacial interactions. Meanwhile, additives like 10% 

PEDOT:PSS heated to 250C for 15 mins or 45 mins (Figures S1 B&D) or 1:3 KOH:GO heated 

to 800C for 60 min exhibit non-circular GO microfiber cross-sections and non-uniform microfiber 

frameworks which can also cause poor microfiber mechanical properties. Many of these 

procedures also involve thermal treatments capable of reducing GO, which ultimately alters the 

chemical structure of the GFMEs. Overall, the results from these tests led to exploring plasma 

surface treatments to roughen the GFME surface. Ar plasma is capable of physically etching 

carbon by bombarding the surface with Ar+ ions without introducing surface chemical reactions 
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making it a viable surface treatment for accomplishing morphological changes to GFME surface 

roughness. The deteriorated frameworks or inadequate electrochemical performance for several 

of the approaches discussed above resulted in Ar plasma being deemed the optimal surface 

roughening method due to its inert nature and ability to use regularly synthesized GO microfibers 

without causing detrimental changes to the fiber integrity (Figure 1). Additionally, electrochemical 

characterization revealed evidence of enhanced electrochemical performance of Ar plasma 

treated GFMEs. All information in the following sections pertains to Ar-plasma treated GO fibers. 

Surface Characterization – Morphological Analysis

Scanning Electron Microscopy (SEM). SEM imaging was used to qualitatively assess the 

surface topology of GFMEs cross-sections before and after Ar plasma treatment (Figure 2). 

Untreated GFMEs (Figure 2A/B) illustrate a relatively homogenous surface with consistent 

striations produced by polishing during disk electrode fabrication capable of generating 

reproducible electrochemical results as discussed  in the following sections. Here, the fiber 

fabrication process matches that of prior reports17,30 for “misaligned” GO microfibers with 

randomly assorted GO sheets and were quantitively analyzed electrochemically to determine non-

optimal and optimal Ar plasma treatment conditions. Although the impact of Ar plasma on GFME 

surface roughness is not visually apparent, non-optimal 60 s 90 W treatment (Figure 2C/D) 

produces increases in noticeable voids adding to the striations present in the untreated GFME 

(Figure 2A/B). When analyzing 60 s 100 W Ar-treated GFMEs, though, we begin to see the 

accumulation of voids in the surface accompanied by further increases in striation depth formed 

from polishing (Figure 2E/F). SEM provides a visual assessment of the surface morphology of 

untreated and Ar-treated GFMEs showing noticeable increases in surface roughness, but 

additional surface characterization techniques were used to quantitate the extent these 

treatments have on GFME surface roughness.

Page 11 of 33

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Figure 2: Surface characterization using SEM shows GO microelectrode increased surface 
roughness following Ar plasma treatment for enhanced analyte-electrode interactions. Ar plasma 
treatment of GO microelectrodes was optimized using 100 W Ar plasma at a flow rate of 100 
sccm. (A/B) Untreated GO. (C/D) GO treated with 90 W Ar plasma for 60 s. (E/F) GO treated with 
100 W Ar plasma for 60 s. 

Atomic Force Microscopy (AFM). AFM was used to quantitatively evaluate the impact Ar 

plasma treatment had on the average surface roughness depth (Rz) of GO microfibers. Due to 

how AFM data is collected, we were only able to measure the longitudinal sides of the fiber, and 
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not the cross-sections. Depth analysis was performed laterally over a 1 m x 1 m area over the 

side of untreated and 100 W 60 s Ar-treated (electrochemically optimized) GO microfibers with 

three horizontal cross-sections were used to calculate average surface roughness depth (Figure 

S2). Qualitatively, AFM images show notable striations on both fiber groups as was observed with 

SEM, but AFM images also show the accumulation of GO sheets forming well-defined surface 

structures unseen with SEM (Figure 3). The surface roughness Rz value increases from 15.2  

1.0 nm for untreated GO microfibers (Figure 3A) to 33.4  2.3 nm for 60 s 100 W Ar-treated GO 

microfibers (Figure 3B / Table 1, unpaired t test, p < 0.0001, n = 4). Cross-sectional insets for 

untreated GO microfibers (Figure 3A, red) and 60 s 100 W Ar-treated GO microfibers (Figure 3B, 

blue) show minimal surface roughness deviations in untreated GO microfiber topology compared 

to Ar-treated GO microfibers. Although surface roughness magnitude is relatively low, we show 

enhanced surface roughness depth for both untreated and Ar-treated GO microfibers compared 

to values previously reported for CF, the material of choice for traditional FSCV detection.14,24 

These results show the impact Ar plasma treatment has on GO microfiber surface topology. We 

hypothesized that the increased surface roughness generated by Ar treatment would facilitate 

improved neurochemical interactions kinetically and electrochemically, similar to prior 

reports.13,14,22,23,27 We note no further AFM characterization was performed (Table 1) on other Ar-

treated GO microfibers due to non-optimal electrochemical performance or GO fiber framework 

deterioration (described in later sections). Average Rz values were reproducible for untreated and 

Ar-treated GO microfibers, indicating the robustness of the fiber formation method and the plasma 

treatment . 
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Figure 3. AFM analysis of GO microfibers supports an increase in surface roughness following 
100 W Ar plasma treatment compared to untreated GO microfibers. Images were acquired over 
a 1.0 m x 1.0 m area on the profile of the GO microfibers. (A) Untreated GO microfibers exhibit 
low surface roughness depth (15.2  1.0 nm) with small fluctuations in surface roughness when 
analyzed horizontally across the image (n = 4; top – height sensor image, bottom – amplitude 
sensor image with horizontal line scan inserts). (B) 100 W Ar-treated GO microfibers exhibit 
increased surface roughness depth (33.4  2.3 nm) with large fluctuations in surface roughness 
when analyzed horizontally across the image (n = 4; top – height sensor image, bottom – 
amplitude sensor image with horizontal line scan inserts). 

Surface Characterization – Disorder Degree and Elemental Analysis

Raman Spectroscopy. Raman spectroscopy can evaluate the microstructure of carbon-

based substrates and identify carbon hybridization present across the material’s surface. The 

well-defined, biplanar nature of GO sheets is characterized by the sp3 hybridized, defect dense, 

functionalized edge plane and the sp2 hybridized, low defect, atomically flat basal plane.31,32 The 

GO microfiber synthetic procedure randomly orients GO sheets within the fiber’s framework 

Page 14 of 33

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



exhibiting a heterogenous chemical microstructure across the electrodes surface.17,30 We 

hypothesized that by introducing Ar plasma to the GFME’s surface to enhance surface roughness 

will result in increased defect sites and an increased ratio of edge to basal plane to ultimately 

improve electrochemical detection.6,7 Raman surface spectral maps (7 m x 7 m, 0.3 m step 

size) were acquired along the GFME’s 45  polished surface and normalized to the disorder (D) 

peak intensity. We then evaluated the D intensity (ID) and the graphitic peak intensity (IG), and 

analyzed their ratio (ID/IG) giving insight into the surface defect degree. Representative spectra for 

untreated and 60 s 100 W Ar-treated GFMEs are reported in Figure S3 where the D and G bands 

are deconvoluted with five superimposed peaks. Of note, no further Raman characterization was 

performed (Table 1) on other Ar treatments due to non-optimal electrochemical performance 

(described in sections below). The sharper, intense D band (~1350 cm-1) is comprised of defects 

in the graphitic lattice created by breaks in ideal periodicity50–52 whereas the less intense G band 

(~1580cm-1) is comprised of sp2 hybridized carbon atoms. By evaluating the ID/IG ratio we can 

evaluate the defect degree of the GFME and the greater the ratio implies greater edge plane 

character attractive for electrochemical detection. Before doing so, the superimposed peaks 

within both bands are fitted for accurate defect degree representation: D*, D’, and D”. The D* 

band (1150-1200 cm-1) deconvolutes the D band and is related to the disordered graphitic lattice 

from sp2-sp3 bonds.53 The D’ (~1620cm-1) and broad D” band (1500-1550) deconvolute the G 

band and are attributed to disorder-induced phonon mode of crystal effects54 and the correlation 

of the band and oxygen content,53 respectively. These five superimposed peaks were then used 

to peak fit the Raman spectra acquired (Figure S3) showing evident heterogeneity in the 

microstructure for “misaligned” GO sheet-derived GFMEs (Figure 4).17,30 Raman spectral maps 

were then plotted to analyze the defect degree across the defined 7 m x 7 m area of the surface 

for untreated (Figure 4A) and 60 s 100 W Ar-treated GFMEs (Figure 4B). Following our 

hypothesis, Ar plasma treatment increases the defect degree of GFMEs from 1.618  0.005 
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(Figure 4C, n = 3) to 1.857  0.003 (Figure 4C, unpaired t-test, p < 0.0001, n = 3); compared to 

previous reports on plasma treated glassy carbon, the increase in edge plane character we 

observe is likely  enabled through a maintenance of oxygen functionality as opposed to materials 

like hydrogenated glassy carbon.55 The increase in peak position of the D* band (Figure 4D) and 

decrease in D” band position (Figure 4E) following treatment indicates decreased oxygen 

content53 implying slight reduction of the GO surface, but the extent is negligible (See X-ray 

Photoelectron Spectroscopy section). Overall, Raman spectroscopy analysis of Ar plasma treated 

GFMEs illustrates increases in defect sites and edge plane character accompanied by small 

decreases in surface oxide functionality. 

Figure 4. Raman spectroscopy mapping analysis of GO illustrates enhanced defect degrees and 
higher edge plane character following 100 W Ar plasma treatment with decreased oxygen content. 
(A) 7 m x 7 m, 0.3 m step size 3-dimensional Raman spectroscopy map of untreated GO (B) 
7 m x 7 m, 0.3 m step size 3-dimensional Raman spectroscopy map of 100 W Ar-treated GO. 
(C) ID/IG ratio increases from 1.618  0.005 to 1.857  0.003 following 100 W Ar plasma treatment 
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(unpaired t-test, p < 0.0001, df = 3451, n = 3). (D) D* peak position increases from 1171  0.6 to 
1200  0.1 following 100 W Ar plasma treatment (unpaired t-test, p < 0.0001, df = 3451, n = 3). 
(E) D” peak position decreases from 1516  0.4 to 1504  0.1 following 100 W Ar plasma treatment 
(unpaired t-test, p < 0.0001, df = 3451, n = 3).

X-ray Photoelectron Spectroscopy (XPS). GO microfibers were characterized using XPS 

to provide elemental analysis and ensure Ar plasma treatment does not alter the chemical 

composition of GO microfibers compared to those untreated (Figure 5). Plasma treatment is a 

high-powered treatment technique,13,56–58 so XPS was also used to analyze oxygen composition 

following treatment as oxide functionality is paramount for adsorption processes of 

catecholamines when testing these electrodes electrochemically.4,6,7 Additionally, the fabrication 

process of GO microfibers uses 1% ascorbic acid (AA), a known reducing agent, to improve GO 

sheet interactions,17,30 so the analysis of oxygen composition ensures the microfibers produced 

are in fact GO. Previous reports have confirmed 1% AA does not impact the surface chemical 

composition providing evidence that GO microfibers have not been reduced.17 XPS survey 

spectra of untreated (red) and 60 s 100 W Ar-treated GO microfibers present two evident peaks 

for analysis: C 1s and O 1s (Figure 5A). As expected, analysis at a binding energy of ~ 243 eV 

shows no evident Ar 2p peak confirming no added Ar functionalization to the GO framework 

(Figure 5B). Upon integration, we show no significant change in the C 1s (77.5% for untreated 

and 77.7% for Ar-treated GO) and O 1s (22.5% for untreated and 22.3% for Ar-treated GO) weight 

percentages with negligible oxygen content decreases, similar to the Raman analysis (Figure 5A). 

Further peak deconvolution of the C 1s and O 1s peaks was required to provide information about 

the functionality present at untreated and Ar-treated GO surfaces. By fitting these peaks at 

corresponding binding energies functional groups are identifiable, and we note the presence of 

five peaks within the C 1s band (Figure 5C) and three peaks within the O 1s band (Figure 5D). 

Deconvolution of the C 1s band shows an intense graphitic peak centered at 284.7-284.8 eV and 

C-O peak centered at 285.7 eV for both the untreated (red) and Ar-treated GO microfiber. The 
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graphitic peak intensity decreases with respect to that of the other four peaks for the Ar-treated 

GO microfibers. Further deconvolution shows evident changes in functionality as the intensity of 

the Ar-treated GO microfibers increase respective to the graphitic peak for the three remaining 

peaks: C-O-C (296.3-286.4 eV), C=O (287.5 eV), and O-C=O (289-289.4 eV). Increases in oxide 

functionality with respect to the graphitic C 1s peak support Raman spectroscopy analysis 

showing resultant defect sites and edge plane character increases from increased surface 

roughness. Interestingly, the increase in oxide functionality we observe is  relatively small as to 

what we expected since plasma treatment generates increased edge plane density prone to more 

reactive carbon capable of oxidation. We hypothesize these proportionately small increases in 

the O 1s/C 1s are compensated during the plasma treatment bond breaking process in which 

voids in the graphene lattice are generated creating reduced graphene oxide structures. This 

process coupled to increased oxidation at locations where edge plane density is increased results 

in small changes in this ratio. Relative ratios of the O 1s band do not significantly change following 

peak fitting analysis aside from a broadened O 1s band for untreated GO microfibers with the 

presence of the C=O (529.5-530.3 eV), C-O-C (532.3-532.6 eV), and C-O-H (533.5 eV) peaks. 

These results provide evidence that the improved electrochemical performance discussed in the 

following sections are not results of changing surface chemical composition but rather due to 

increasing surface roughness / defect degrees and potentially altering the present surface 

functional groups.
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Figure 5. XPS analysis illustrates that Ar plasma treatment of GO microfibers (100 sccm for 60 
s) generates no fluctuations in overall surface functionalization and minor fluctuations in specific 
elemental functionalization. (A) Survey spectra of untreated GO (red, C1s = 77.5%, O1s = 22.5%) 
and 100 W Ar-treated GO (blue, C1s = 77.7%, O1s = 22.3%). (B) Ar2p raw spectra of untreated 
GO and 60 s 100 W Ar-treated GO. (C) C1s deconvolution of untreated GO and 60 s 100 W Ar- 
treated GO. (D) O1s deconvolution of untreated GO and 60 s 100 W Ar-treated GO. 

Electrochemical Characterization

Page 19 of 33

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Fast-Scan Cyclic Voltammetry (FSCV) Optimization. Surface characterization illustrates 

clear topological changes to the GFME surface similar to prior reports using Ar plasma,13 so 

plasma treatment power and duration were optimized to produce optimal surfaces for enhanced 

electrochemical detection of dopamine (DA). The electroanalytical technique FSCV, commonly 

used for subsecond neurotransmitter fluctuation measurements, was selected as the method of 

choice for testing the optimizing plasma treatment conditions. As previously stated, Ar plasma 

treatment does not significantly alter the surface functionality of GFME surfaces, so 

enhancements to electrochemical detection following treatment can be attributed mostly to 

increasing surface roughness and defect sites.13,14,19,26,59 Materials like hydrogenated glassy 

carbon electrodes report enhanced surface interactions due to high active site density and surface 

roughness with depleted oxygen functionality;6,7,55,60 displayed in Raman and XPS analysis, 

oxygen composition is maintained following Ar plasma treatment permitting strong DA adsorption 

and reversibility unlike hydrogen plasma treatment. DA detection “optimization” was ultimately 

quantitated by analyzing electrochemical reversibility. FSCV detection is an adsorption-driven 

technique where DA redox interactions exhibit fast desorption rates of the oxidized partner, 

dopamine-o-quinone (DOQ). Because of this, DA does not follow reversible redox interactions at 

traditional carbon-fiber microelectrodes, with oxidation currents greater than reduction. We 

hypothesized that plasma treatment conditions would improve electrochemical reversibility, or the 

ratio of these two currents (ox/red), due to enhanced surface adsorption interactions and potential 

local trapping inducing dopamine reversibility. 

Fine-tuning Ar plasma treatment was necessary for optimizing the microelectrode’s 

electrochemical performance as low treatment powers/times showed negligible impacts on 

detection and high treatment powers/times caused microelectrode structural damage. Optimal 

electrochemical performance was determined by analyzing the Ar plasma treatment conditions 

that generated the lowest ox/red value where a value of 1.0 implies a fully reversible redox 
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interaction. Like CMFEs, untreated GFMEs have an electrochemical reversibility value of ox/red 

= ~ 2 (Table 1) showing the need for increased surface roughness to improve redox surface 

interactions. Untreated and Ar-treated GFMEs were tested electrochemically using the DA FSCV 

waveform (see Methods) and 1 M DA, and their electrochemical performance was analyzed 

(Figure 6). Ar plasma flow rate was maintained at 100 sccm throughout all treatments while the 

treatment power and time were varied. First, plasma duration was maintained at 60 s while the 

plasma power was applied in a range of 50 – 150 W. Once an optimal power was determined the 

flow rate and power were held constant and the treatment duration was applied in a range of 30 

– 150 s. Similarly, for both conditions, low treatment times (< 45 s) and powers (< 80 W) fail to 

adequately roughen the surface providing no electrochemical performance enhancements. 

Likewise, high treatment times (> 120 s) and powers (> 125 W) cause structural damage to 

GFMEs rendering inadequate electrochemical detection with instability and decreased signal-to-

noise. 

Analysis of Ar plasma treatment powers between 90 – 110 W exhibit enhanced DA 

electrochemical reversibility approaching nearly full reversibility at optimal conditions with minimal 

changes in nonfaradaic current (Figure 6). For comparison, untreated GFMEs generate an ox/red 

value of 1.92  0.14 (n = 6). Here, we show that maintaining a treatment duration of 60 s, while 

varying plasma power, generates fluctuations in electrochemical reversibility (Figure 6B). 90 W 

Ar plasma generates no significant change (1.69  0.09, one-way ANOVA, p = 0.1976, n = 6) 

whereas both 100 W (optimal) and 110 W Ar plasma significantly improve ox/red to 1.27  0.05*** 

and 1.50  0.03**, respectively (one-way ANOVA, p = 0.0001 and p = 0.0085, n = 6). We then 

maintained a plasma treatment of 100 sccm 100 W and varied the application time. Following 

electrochemical reversibility analysis, we determined 60 s treatment time to be optimal at a Ar 

plasma flow rate of 100 sccm and power of 100 W (Table 1); optimally Ar treated GFMEs also 

outperformed all other GFMEs using chemical additives (Figure S1) in terms of electrochemical 
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reversibility improvements while being much more reproducible (Figure S4). When analyzed using 

amperometry, optimal Ar plasma treated GFMEs increase the total charge at the electrode’s 

surface by ~ 2-fold (Figure S5, unpaired t-test, p = 0.0058, n = 3). Optimal treatment conditions 

create nearly reversible DA redox interactions, and for this reason the surface characterization 

discussed earlier in this work was performed only on untreated and 60 s 100 W Ar-treated GFMEs. 

Additionally, our results show no significant increase in non-faradaic current (Figure 6C / Table 2, 

unpaired t-test, p = 0.2171, n = 6) while increasing electron transfer kinetics when analyzing the 

difference in oxidation and reduction peak potentials (∆Ep, Figure 6D / Table 2, one way ANOVA, 

p = 0.0161, n = 6). FSCV characterization of optimally Ar treated GFMEs demonstrate the 

advantages of their utility for DA detection over untreated GFMEs evident in their enhanced 

surface morphology for improved DA interfacial interactions.

DA interacts very well at carbon surfaces making it an ideal control analyte for FSCV 

materials, but many neurochemicals do not interact as favorably. Neurochemicals like serotonin 

are known to polymerize and foul the electrode’s surface depleting surface adsorption sites and 

hindering detection.25,61,62 Prior reports provide evidence that GFMEs have innate fouling 

resistance characteristics,17,30 so we hypothesized that Ar plasma would not impact these 

attractive properties due to its inert nature. By applying 25 consecutive injections of 1 M 

serotonin, we observe no appreciable change in oxidation current from the 1st to the 25th injection 

(Figure S6, unpaired t-test, p = 0.02332, n = 6) implying maintained fouling resistance making 

them attractive for future in vivo studies.
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Figure 6. Ar-treated GFMEs exhibit enhanced electrochemical reversibility of dopamine attributed 
to increased surface roughness improving analyte-electrode interactions with potential for analyte 
local trapping at roughened sites when analyzed with FSCV. Electrochemical reversibility was 
optimized using 60 s 100 W Ar plasma for optimized surface roughness. (A) Example false color 
plot of 1 M DA detected at 60 s 100 W Ar-treated GO. (B) Optimization of Ar plasma treatment 
with an electrochemical reversibility of 1.27  0.05 using 100 W power (one-way ANOVA, p = 
0.0001, n = 6). (C) Overlayed background current CV of untreated GFMEs (red) and 100 W Ar-
treated GFMEs (blue). (D) Overlayed background subtracted  CV of untreated GFMEs (red) and 
100 W Ar-treated GFMEs (blue). 

Table 1. Treatment conditions for optimal Ar plasma treatment with accompanying roughness 
depth, electrochemical reversibility, and total charge enhancements.
Ar Plasma 
Power (W)

Roughness 
height Rz (nm)

ID/IG Electrochemical 
Reversibility 

(ox/red)

Qtotal (nC)

------- 15.2  1.0 1.618  0.005 1.92  0.14 2.82  0.26
90 ------- ------- c1.69  0.09ns -------

100 a33.4  2.3**** b1.857  
0.003****

d1.27  0.05*** f5.45  0.70**

110 ------- ------- e1.50  0.03** -------
aSignificant increase in surface roughness following 100 W Ar plasma treatment of GO (unpaired 
t-test, p < 0.0001, n = 4). bSignificant increase in ID/IG from untreated to 100 W Ar-treated GO 
(unpaired t-test, p < 0.0001, df = 3451). cNo significant improvement in dopamine reversibility 
following 90 W Ar plasma treatment (one-way ANOVA, p = 0.1976, n = 6). dSignificant 
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improvement in dopamine reversibility following optimal 100 W Ar plasma treatment (one-way 
ANOVA, p = 0.0001, n = 6). eSignificant improvement in dopamine reversibility following 110 W 
Ar plasma treatment (one-way ANOVA, p = 0.0085, n = 6). fSignificant increase in the total charge 
generated by the ferri/ferro redox couple at 100 W Ar plasma treated GO (unpaired t-test, p = 
0.0058, n = 3).

Detection Sensitivity and Frequency Dependence. Detection sensitivity and frequency 

dependence were analyzed to broaden our understanding of DA interactions at untreated and Ar-

treated GFMEs. Increasing GFME surface defects and roughness enhance electrochemical 

reversibility, electron transfer kinetics, and detection sensitivity. DA sensitivity improves from 6.5 

 0.3 nA/M (R2 = 0.9418, n = 6) for untreated GFMEs to 11.3  0.5 nA/M (Figure 7 / Table 2, 

R2 = 0.9315, n = 6) for optimally Ar-treated GFMEs. By maintaining microfiber diameter, the near 

2-fold improvement in DA detection sensitivity is attributed to increased adsorption sites produced 

by enhanced surface defects increasing edge-plane surface area.6,7 Untreated GFMEs, according 

to prior reports,17,30 possess much lower detection sensitivity to DA providing evidence that future 

work performed with these surface roughened disk GFMEs could improve spatially-resolved 

neurochemical detection in vivo. Additionally, Ar-treated GFMEs detection sensitivities approach, 

or surpass, that of traditional CFMEs1,2,4,13,21 while containing more attractive surface chemistry 

for DA adsorption interactions.6,7 Although these results are improved from prior reports,17,30 there 

is no statistical change in DA limit of detection for untreated and optimally Ar-treated GMFEs, 

reduced from 27.9  4.8 nM to 20.1  4.5 nM, respectfully (Figure 7 / Table 2, Unpaired t-test, p 

= 0.2595, n = 6). Overall, surface roughened GFME’s electrochemical performance poses high 

detection sensitivity capable of improving future DA detection investigations in tissue with FSCV.

FSCV detection is dictated by DA adsorption interactions with carbon surfaces, and, 

although FSCV is known as a fast detection technique, adsorption hinders measurement temporal 

resolution. Traditional DA voltammetric sweeps operate at an application frequency of 10 Hz to 

adequately adsorb DA to the surface causing many rapid events to go unanalyzed. Fortunately, 

the introduction of carbon nanomaterials has improved frequency independent behavior. These 
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novel nanomaterials improve temporal resolution permitting the use of higher application 

frequencies reducing the number of unanalyzed events.18,22,63 This phenomenon is rooted in 

attractive crevice/pore geometries on the electrode’s surface momentarily trapping and cycling 

DA’s redox species like a thin layer cell environment. 14,18,22,63 The cycling process increases 

electron transfer rates while limiting diffusional rates improving electrochemical reversibility for 

frequency independent behavior and temporal resolutions as low as 10 ms. The innate properties 

of GFMEs provide improved frequency independence17,30 compared to unmodified CFMEs,17,63 

and our lab has shown further improvements through GO nanosheet orientation.30 Previously, we 

developed a modified hydrothermal synthesis process in which we used fluid flow dynamics to 

orient the edge plane of all GO nanosheets in the direction of the GO microfiber’s sensing 

interface.30 By aligning the edge plane of GO nanosheets to the electrode’s sensing interface, 

GFMEs become fully frequency independent at an application frequency of 100 Hz unlike the 

randomly assort GO nanosheets of misaligned GFMEs. The misaligned nanosheet orientation of 

untreated GFMEs create a 40.3  10.2% DA oxidation current loss at 100 Hz as compared to 10 

Hz (Figure 8 / Table 2, n = 6) similar to prior reports.17 Our optimally surface roughened GFMEs, 

however, possess two key qualities known to decrease frequency dependence: surface crevices 

and defect density similar to edge plane aligned GFMEs. By enhancing the surface roughness 

and average ID/IG (see Raman spectroscopy section) we show true frequency independent 

behavior in which oxidation current increases 24.6  17.3% at an application frequency of 100 Hz 

(Figure 8 / Table 2, unpaired t-test, p = 0.0091, n = 6). Ar-treated GFMEs have an additive effect 

on frequency independence as deeper crevices accompany greater defect density increasing 

signal current overtime as application frequency increases and DA is trapped at the surface. 

Overall, we believe these two microstructure properties allow improved adsorption interactions, 

momentary trapping, and current amplification of DA otherwise impossible at GFMEs supporting 

the attractiveness of GO microelectrodes for future FSCV analysis.
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Figure 7. Ar-treated GFMEs (blue) exhibit improved detection sensitivity to dopamine with a lower 
limit of detection compared to untreated GFMEs (red, n = 6). (A) Concentration curve spanning 
the linear detection range of dopamine from 0.50 – 10 M illustrates improved detection sensitivity 
from 6.5  0.3 nA/M (R2 = 0.9418) for untreated GO to 11.3  0.5 nA/M (R2 = 0.9315) for Ar-
treated GO. (B) Limit of detection reduces from 27.9  4.8 nM for untreated GO to 20.1  4.5 nM 
(Unpaired t-test, p = 0.2595, n = 6). 

Figure 8. Scan repetition frequency increases show depleted redox interactions of dopamine at 
untreated GFMEs (red) while Ar-treated GFMEs (blue) illustrate frequency-independent behavior 
with improved redox reversibility interactions at the electrode interface. (A) Normalized peak 
oxidation current analysis of 1 M dopamine at untreated and Ar-treated GFMEs at increasing 
application frequency. (B) Frequency independence analysis denoted by percent normalized 
peak oxidation current gained/depleted at the scan repetition frequency of 100 Hz compared to 
10 Hz for untreated (40.3  10.2% lost, n = 6) and Ar-treated GFMEs (24.6  17.3% gained, 
unpaired t-test, p = 0.0091, n = 6).
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Table 2. Electrochemical characterization summary of the sensitivity, limit of detection, electron 
transfer kinetics, capacitive current, electrochemical reversibility ratio, and frequency dependence 
of untreated and optimally Ar-treated GFMEs.

ox/red c (nA) ∆Ep (V) Sensitivity 

(nA µM-1)

Limit of 

Detection (nM)

ox change 

(+/- %)

Untreated 1.92  0.14 3130  

320

0.922  

0.024

6.5  0.3 27.9  4.8 -40.3  

10.2

Ar-treated a1.27  0.05*** b3690  

290ns

c0.860  

0.006*

11.3  0.5 d20.1  4.5ns e+24.6  

17.3**

aSignificant improvement in electrochemical reversibility of oxidation-to-reduction current from 
untreated to optimally Ar-treated GFMEs (one way ANOVA, p = 0.0001, n = 6). bNo significant 
change in capacitive current before and after Ar plasma treatment of GFMEs (unpaired t-test, p = 
0.2171, n = 6). cSignificant improvement in electron transfer kinetics comparing untreated and 
optimally Ar-treated GFMEs (one way ANOVA, p = 0.0161, n = 6). dNo significant decrease in limit 
of detect of untreated and Ar-treated GFMEs (unpaired t-test, p = 0.2595, n = 6). eSignificant 
change in the oxidation current fluctuation from 10 to 100 Hz application frequency comparing 
untreated and optimally Ar-treated GFMEs (unpaired t-test, p = 0.0091, n = 6).

Conclusion

In this work, we present an optimized Ar plasma treatment method for fabricating surface 

roughened, disk GO microelectrodes with excellent electrochemical properties for improved 

dopamine detection with FSCV. Traditional FSCV detection is performed at amorphous, 

cylindrical carbon fiber microelectrodes with poorly defined surface chemistry/geometry 

inadequate for highly temporally resolved measurements. Through various surface 

characterization techniques, we provide an optimal Ar plasma treatment (100 sccm 60 s 100W) 

of GO microelectrodes with enhanced surface roughness, defect dense surface chemistry, and 

unaltered overall chemical functionality. The combination of these surface enhancements and the 

key properties of GO produce electrode surfaces with improved electron transfer rates and 

electrochemical reversibility while maintaining fouling resistance. Additionally, optimally treated 

GFMEs improve dopamine detection sensitivity roughly 2-fold while added surface roughness 

and defect sites permit frequency independent behavior with increases in oxidation current as 
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application frequency is increased. Overall, we present a GO microelectrode capable of 

enhancing FSCV temporal resolution further illustrating the utility of GO microelectrodes and open 

the door to temporally resolved measurements without the presence of surface porosity or 

nanosheet alignment.

Supporting Information

We provide additional surface characterization and experiments to support the claims of this 

manuscript. The supporting information includes SEM imaging of GO microfibers synthesized by 

non-optimal surface roughening procedures and AFM images of horizontal cross-sections 

included to illustrate surface roughness quantification. Raman peak fitting analysis was included 

for both untreated and optimally Ar-treated GFMEs. Lastly, chronoamperometric total charge 

analysis and a serotonin fouling experiment were included, too. 
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