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A B S T R A C T

Pharmaceutical pollution in aquatic systems is emerging as a critical environmental concern. The complexity and 
diversity of drug compounds in real-world water samples pose significant challenges for on-site monitoring. In 
this study, an electroanalytical strategy was developed for simultaneous quantification of acetaminophen (ACM) 
and metformin (MTF) in complex water matrices using a 3D-2D cocatalyst composed of metal-organic framework 
and graphene oxide (Cu-BTC/GO), and its derivative, Cu-carbon polyhedron embedded in reduced graphene 
oxide (CuCP@rGO). Redox mechanisms responsible for selective detection were elucidated through operando- 
Raman spectroscopy and density functional theory calculations. Selective quantification was achieved via 
electrode potential switching, owing to distinct adsorption models: metal-ligand coordination between Cu sites 
and MTF, and π-π stacking interactions between the sp2 carbon domains and ACM. Trace levels of pharmaceu
ticals, ranging from 0.5 to 300 μg L− 1, were analyzed in municipal wastewater effluent, lake water, and river 
water, with detection limits below 0.2 μg L− 1 for both pollutants. This Cu-C sensing platform offers a practical 
alternative for frequent, rapid monitoring of pharmaceutical pollutants, with performance comparable to con
ventional chromatography.

1. Introduction

Substances such as antibiotics, analgesics, and non-steroidal anti- 
inflammatory drugs (NSAIDs) are classified as emerging pharmaceutical 
contaminants due to their persistent, bio-accumulative, and ecological 
risks [1]. These pharmaceuticals frequently occur as multi-component 
mixture in hospital and municipal wastewaters. Notably, the recent 
COVID-19 pandemic has led to a significant increase in concentrations, 
ranging from ng L− 1 to mg L− 1 that pose substantial threats to aquatic 
environment [2]. Many active pharmaceutical ingredients (APIs) resist 
to degradation and complete mineralization in conventional wastewater 
treatment plants (WWTPs), often resulting in the formation of toxic 
disinfection byproducts [3]. Therefore, rapid and accurate monitoring of 
the distribution of clinical or preclinical drugs in surface water and 
wastewater is urgently required to mitigate their adverse effects on 
ecological health. Gas chromatography (GC) and high-performance 
liquid chromatography (HPLC) are the primary laboratory-scale tools 
for analyzing trace-level organic pollutants [4]. However, high cost, 
long turnaround time, lack of portability, and complex sample prepa
ration limit their routine field monitoring applications. In contrast, 

recent advancements in electrochemical techniques have led to the 
development of miniature sensors for quantifying both organic and 
inorganic contaminants [5–7]. The specific electrocatalyst that induces 
concentration-dependent redox current or resistance response plays a 
vital role in the electrochemical determination [5,8].

Acetaminophen (ACM), also known as paracetamol, is one of the 
most prescribed medications for pain relief and fever reduction, and is 
associated with minimal side effects at therapeutic doses [9]. On the 
other hand, metformin (MTF) is a biguanide anti-hyperglycemic agent 
for the treatment of type-II diabetes, and recommended for managing 
hypoglycemia according to WHO [10]. These pharmaceuticals can be 
excreted in their unmetabolized forms after consumption; hence, ACM 
and MTF, which are of the most consumable drugs worldwide [11], are 
selected in this study to investigate the feasibility of binary-component 
detection. Owing to the specific reduction potentials of various con
taminants, electrochemical methods offer selective quantification, with 
the merits of short response time and operational simplicity. Carbon 
materials have emerged as versatile substrates for pharmaceutical 
sensing, encompassing 0D quantum dots, 1D nanotubes or nanofibers, 
2D graphene, and 3D metal organic frameworks (MOFs) or their derived 
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carbon architectures [12–14]. Among them, MOFs distribute metal ion 
nodes within organic linkers with Å-scale homogeneity, such as imida
zolate (ZIF), benzene-1,3,5-tricarboxylates (BTC), and benzene-1,4- 
dicarboxylic acid (BDC) [15]. Transition metals or their oxides in 
forms of single atoms or nanometer-sized particles can be therefore in
tegrated into a porous, N-enriched carbon matrix upon carbonization 
under a reduced atmosphere. This architecture significantly enhances 
the electrochemical surface area (ECSA) and redox sensitivity toward 
target analytes [16,17].

Our preliminary studies revealed that the sensing currents of MTF 
were specifically induced by a Cu(I)-to-Cu(II) redox transition under 
anodic potentials, with optimal sensitivity achieved by decorating Cu 
NPs on reduced graphene oxide (rGO) [18]. In contrast, the quantifi
cation of trace ACM concentrations was strongly governed by the elec
trode's ECSA, which was greatly enhanced through integration of MOF 
into the GO structure [19]. Consequently, selective detection was real
ized by exploiting the distinct oxidation potentials of MTF and ACM. The 
surface and edge oxygen groups on the sp2-hybridized carbon domains 
of GO served as nucleation sites for MOF crystallization [20,21]. In this 
context, the incorporation of Cu-based MOFs into GO interlayers 
generated diverse Cu and carbon-active sites, enabling responsive 
detection of binary pharmaceutical contaminants in wastewater. The 
novelty of this research lies in the development of a mesoporous carbon 
sensor derived from pyrolyzing a Cu-BTC/GO precursor, achieving 
simultaneous quantification of ACM and MTF in mixed solutions. Upon 
carbonization in a N2 atmosphere, the MOF-GO architecture transforms 
into Cu nanoparticles (NPs) encapsulated within carbon polyhedra – 
mostly octahedrons – dispersed across reduced graphene oxide thin 
films, forming CuCP@rGO composite. Key parameters, such as the GO- 
to-Cu ratio and pyrolysis, were optimized to enhance sensor perfor
mance in terms of sensitivity, selectivity, analytical recovery, and limit 
of detection (LOD). To validate the practical applicability of the devel
oped electrodes, calibration for the pharmaceutical pollutants was 
established in various real-world water samples. The electrochemical 
mechanisms underlying the sensing current densities of ACM and MTF 
during anodization were elucidated through voltammetric analysis and 
free energy calculations.

2. Methods

Supporting Information S1 provides detailed descriptions of the 
materials and methods, including chemicals, electrode synthesis, char
acterization, and sensing protocols. The fabrication of Cu-BTC1-x/GOx 
and its derived CuCP1-x@rGOx electrodes is depicted in Scheme 1. 

Briefly, a precursor solution containing Cu(NO3)2⋅3H2O (Fisher Chem., 
USA), polyvinylpyrrolidone (Sigma Aldrich, USA), and a GO suspension 
with a defined GO-to-Cu weight ratio (x) was prepared in a solvent of 
dimethylformamide (DUKSAN, South Korea) and ethanol (J.T.Baker, 
USA). Benzene-1,3,5-tricarboxylic acid (H3BTC, Fisher Chem., USA) was 
then introduced at a Cu-to-BTC ratio of 1:1 to form Cu-BTC/GO via 
solvothermal synthesis. Finally, CuCP@rGO was obtained by pyrolyzing 
the Cu-BTC/GO precursor under a N2 atmosphere.

3. Results and discussion

3.1. Characterization

The morphology of Cu-BTC/GO precursor displays the distribution of 
BTC frameworks across the GO surfaces, as illustrated in Fig. 1a. This 
architecture results from the initial adsorption of Cu2+ ions onto the 
oxygenated groups of GO during the solvothermal reaction, followed by 
coordination with BTC linkers. The Cu-BTC is thus on-site embedded 
within the graphene plane [22]. Upon pyrolysis at 400 ◦C, the organic 
framework undergoes moderate shrinkage (Fig. 1b), forming Cu carbon 
polyhedrons (CuCP). These 3D CuCP, averaging 200 nm in size, are 
interconnected to the interlayers of 2D reduced graphene oxide (rGO) 
wrinkles and folds. The EDS analysis indicates that Cu crystallites 
anchored around CuCP progressively grow with increasing pyrolysis 
temperature to 700 ◦C (Fig. 1c). At higher magnification, the crystallites 
appear as clusters of Cu nanoparticles, with individual sizes around 10 
nm, as revealed in Fig. 1d. Fig. 1e and f illustrates TEM images of Cu- 
BTC/GO and CuCP@rGO, respectively, highlighting the intercalation 
of Cu-BTC and CuCP structures within the laminar graphene thin films. 
After pyrolysis, Cu2+ nodes heterogeneously crystalize both on carbon 
polyhedrons and rGO surfaces. The HRTEM in Fig. 1g evidences the 
coexistence of metallic Cu and Cu2O by the selected-area electron 
diffraction (SAED) recorded in the inset, with lattice fringes exhibiting 
d-spacing of 0.208 nm and 0.247 nm, respectively [23]. Furthermore, 
single Cu atoms are also discernible on graphene planes, as shown in 
Fig. 1h. Elemental mapping of Cu-BTC/GO (Fig. 1i) presents the spatial 
distribution of C, N, and O signals within the BTC/GO framework, with 
Cu uniformly dispersed around the BTC polyhedrons. After pyrolysis, 
CuCP@rGO(400) (Fig. 1j) exhibits long-range ordered copper-carbon 
crystallinity, where C and N assemble the porous carbon skeleton, and 
O is concentrated around Cu, suggesting partial oxidation of the copper 
phase. These mapping results confirm that while the oxygen in GO is 
largely removed to form rGO, it simultaneously acts as a source for Cu 
recrystallization into Cu oxides, even under an oxygen-free N2 

Scheme 1. Procedure of Cu-BTC/GO and the derived CuCP@rGO
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atmosphere.
As shown in Fig. 2a, the XRD pattern of pristine GO reveals a char

acteristic peak at 2θ = 12◦, corresponding to the (200) plane with a d- 
spacing of 7.37 Å. The well-defined diffraction peak of GO reflects the 
ordered stacking of graphene oxide layers, as further supported by SEM 
in Fig. S1a. After pyrolysis, the (002) peak broadens and shifts to 2θ =
24.5◦, corresponding to a reduced interlayer spacing of 3.52 Å. This shift 
indicates the thermal removal of oxygenated groups and the restoration 
into less-ordered rGO [24], consistent with the thinner films observed in 
SEM (Fig. S1b), which resulted from the exfoliation of GO sheets. In Cu- 
BTC/GO composite, the GO single becomes negligible, while diffraction 
peaks at 2θ of 6.9◦, 9.4◦, 11.5◦, 13.6◦, and 19.1◦ are assigned to (2 0 0), 
(2 2 0), (2 2 2), (4 0 0), and (4 4 0) planes, respectively, of the standard 
HKUST-1 (Cambridge Structural Database 112954) [25]. After heating 
to 400 ◦C under a N2 atmosphere, the BTC peaks vanish. Concurrently, 
the mixed patterns of metallic copper (Fm3m(225)) and Cu2O (Pn3m, 
space group 224) emerges [26]. This structural evolution aligns with 

TEM and elemental mappings, supporting that the decomposition of 
organic linkers facilitates the in-situ recrystallization of Cu2+ ions within 
CuCP@rGO.

The thermal transformation of Cu-BTC/GO crystal structure is 
investigated via thermogravimetry, as shown in Fig. 2b. An initial mass 
loss found around 200 ◦C is attributed to desorption of bound waters. A 
subsequent 20 % weight loss, peaking near 300 ◦C in differential thermal 
analysis peaking, is associated with the breakdown of the crystal 
integrity of trimesic acid ligands [27]. Complete carbonization of Cu- 
BTC/GO into CuCP@rGO structure occurs above 400 ◦C due to the 
final mass loss stage. This thermal behavior reflects the simultaneous 
reduction of Cu2+ to Cu and BTC deoxygenation observed in the XRD 
analysis. The FTIR spectrum of the rGO phase in Fig. 2c displays two 
prominent vibrational bands for C–O stretching (1400 cm− 1) and C––C 
bonding in conjugated π systems (1565 cm− 1), confirming the reduction 
of graphene structure. In the Cu-BTC/GO composite, additional vibra
tional features appear in the 600–1700 cm− 1 range, including the C–N 

Fig. 1. SEM images of (a) Cu-BTC/GO, CuCP@rGO pyrolyzed at (b) 400 ◦C and (c) 700 ◦C, with Cu nanoclusters anchored onto carbon framework. TEM images of (e) 
Cu-BTC/GO and (f) CuCP@rGO, with selected area electron diffraction (SAED) analysis. (h) Cu NPs decorated onto graphene thin film of CuCP@rGO. TEM elemental 
mappings of (i) Cu-BTC/GO, and (j) CuCP@rGO(400).
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stretching of the PVP additive at 1108 cm− 1 and the in-plane bending of 
the benzene ring at 1642 cm− 1, indicative of the presence of BTC ligands 
[28]. After pyrolysis, the carbonyl and carboxyl signals observed at 1446 
and 1368 cm− 1 diminish in CuCP@rGO, consistent with thermal 
decomposition and reduction of organic components. Furthermore, the 
Cu-O mode at 495 cm− 1 represents Cu2+ nodes in the MOF. This char
acteristic vibration shifts to 623 cm− 1 in CuCP@rGO samples, suggest
ing the formation of the Cu2O lattice [29]. Interestingly, although ~5 % 
residual oxygen and C-O functionalities were identified in a simple rGO 
sample by EDS (Fig. S1) and FTIR, the oxygen signal appears nearly 
absent in the rGO regions of the TEM mapping (Fig. 1j). This observation 
suggests that during thermal reduction, the remaining oxygen species 
were largely redistributed into copper oxides due to the interaction with 
Cu2+ ions from the Cu-BTC precursor [30].

The specific surface area (S.S.A.) of Cu-BTC/GO precursor reaches 
472 m2 g− 1, as determined by the N2 adsorption isotherm shown in 
Fig. 2d. The microporosity primarily contributes to this high S.S.A. ac
cording to the absence of a hysteresis loop. The significant decline in the 
S.S.A. to 64 m2 g− 1 for CuCP@rGO treated at 400 ◦C indicates the 
narrowing of the micro-interspace within 3D framework, while the 
emergence of hysteresis in the isotherm confirms the development of 
mesopores. Notably, a pronounced H2-type loop (defined by the Inter
national Union of Pure and Applied Chemistry (IUPAC)) found on rGO 
sample corresponds to ink-bottle-shaped channels. The mesopore evo
lution in the CuCP@rGO composite is therefore ascribed to the 2D-3D 
crosslinking constructed by rGO. The pore size distribution in Fig. 2e 
reveals the dominant pore sizes, with peaks observed at 2.5 nm, 16.7 
nm, and 26.2 nm for Cu-BTC/GO, CuCP@rGO, and rGO, respectively. 
The increase in mesoporosity after carbonization treatment is antici
pated to enhance mass transport and catalytic activity toward the tar
geted pharmaceutical analytes.

The chemical states of C 1s, O 1s, Cu 2p, and N 1s in the Cu-BTC/GO 
and the derived CuCP@rGO were examined using XPS spectra, with 

binding energies centered at around 284 eV, 533 eV, 935 eV, and 400 
eV, respectively, as shown in Fig. 2f [31]. The notable declines in O and 
N signals after pyrolysis reflect their volatilization, while the MOF 
compound is converted into the composite predominantly composed of 
Cu and C. Detailed deconvolutions are compiled in Fig. 2g. In C 1s 
orbital of CuCP@rGO, a significant decrease of the C–O at 287 eV and 
carboxyl (COO) at 289 eV demonstrates the reduction and carbonization 
of GO and BTC ligands [32]. Meanwhile, the signal corresponding sp2- 
hybridized C––C/C–C at 285 eV becomes dominant, due to the forma
tion of graphitic carbon domains. The remaining C–N bonding at 285.5 
eV confirms the incorporation of nitrogen from the PVP additive into the 
BTC matrix, serving as a dopant in the derived carbon. The O 1s region 
exhibits an increased relative intensity of adsorbed oxygen (Oads, 531 
eV) compared to O–C bond (532.5 eV) in the carbonized framework, in 
which GO reduced to rGO and Cu2+ transition to a Cu2O phase [33]. The 
elevated Oads is often associated with the formation of oxygen defect 
[34]. While high-energy lattice sites with missing O atoms may tran
siently trap chemical species during their formation and thus evade 
detection, the persistent Oads signal provides evidence of surface disor
der and defect generation within the derived carbon. In the Cu 2p bands, 
copper ions coordinated as nodes in Cu-BTC primarily exist in the Cu2+

state. In CuCP@rGO, the coexisting Cu(II) at 934 eV and Cu(I)/(0) at 
932.5 eV [35], with an estimated ratio of 67 % to 33 % evidences the 
Cu2+ reduction to a mixed Cu0/Cu2O phase. The original C–N (400 eV) 
due to the PVP additive is largely replaced with graphitic-N (401.5 eV) 
and Cu–N bonding (398.4 eV) in N 1 s spectra, indicating N doping into 
both the carbon matrix and copper species [36]. The thermal-induced 
chemical transformations collectively profiles the nitrogen-doped car
bon frameworks embedded with Cu metal and oxides.

3.2. Electrochemical properties

To evaluate the effective surface areas of MOF-derived materials, 

Fig. 2. (a) XRD patterns. (b) Thermal analysis of Cu-BTC/GO. (c) FTIR, (d) BET isotherms, (e) pore size distribution, and (f) full XPS spectra of Cu-BTC/GO, GO, rGO 
and the derived CuCP@rGO materials, with chemical states deconvoluted at (g) C 1s, O1s, Cu 2p, and N 1s orbitals.
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voltammetry within a non-Faradaic potential range is carried out (0.1 M 
phosphate buffer solution (PBS), 10 mV s− 1), as shown in Fig. 3a. Both 
Cu-BTC and Cu-BTC/GO show minimal current responses, whereas the 
pyrolyzed CuCP@rGO demonstrates greatly enhanced, symmetric 
capacitive charging/discharging current densities. The electrical 
double-layer capacitance (EDLC, Cdl) is measured using the integrated 
method [37]: 

Cdl (F) =
1

νΔV

∫ V2

V1

(Ia − Ic)dV (2) 

where ΔV is the potential window (0.7 V), v is the scan rate (0.01 V s− 1), 
and Ia and Ic are anodic and cathodic current densities, respectively. rGO 
alone, used as a control, presents a relatively high electrical capacitance 
of 43 mF, which contributes majorly to the overall capacitance of 
CuCP@rGO (116 mF). Additionally, the specific capacitance (CS) of the 
glassy carbon substrate (GCE) was independently estimated to be 9.4 mF 
cm− 2 (Fig. S2a), using the relation CS =

Cdl,gce
Agce

, where Cdl,gce defines the 
EDLC of GCE and Agce is its geometric area (0.071 cm2) [38]. The elec
trochemical surface area (ECSA) of each electrode is then calculated by 
normalizing EDLC to the GCE reference value obtains (ECSA = Cdl/CS) 
[39]. As shown in Fig. 3b, the ECSA increases from 0.05 cm2 for Cu-BTC 
to 0.95 cm2 for CuCP, while it is greatly boosted with an incorporation of 
rGO in CuCP1-x@rGOx, reaching a maximum of 12.3 cm2 at a GO content 
x = 30 %. For comparison, the ECSA of bare rGO is 4.61 cm2.

Fig. 3c compares the current-potential response of Cu-BTC/GO and 
CuCP@rGO electrodes in the presence of binary pharmaceutical pol
lutants – 1 mM ACM and 1 mM MTF – with rGO serving as a control. A 
redox couple attributed to reversible oxidation and reduction of ACM 
(OACM/RACM) is observed at +0.5 V and +0.3 V (vs. RHE), respectively, 
while a distinct oxidation peak for MTF (OMTF) appears at a higher po
tential of +1.1 V (vs. RHE). These findings indicate that the Cu‑carbon 
composite electrode enables selective detection of coexisting pharma
ceuticals through a controlled potential approach. Importantly, the 

absence of MTF oxidation signals on the rGO electrode (Fig. S2b) un
derscores the role of site-specific electron transfer in determining 
selectivity. In other words, ACM is preferentially oxidized at carbon- 
based sites, while MTF undergoes oxidation at copper-based active 
sites on CuCP@rGO. The selective detection of ACM and MTF at 
respective redox potentials in response to varying pollutant concentra
tions is demonstrated in Fig. 3d. Compared to the voltammetry profiles 
obtained for each individual pharmaceutical (Fig. S3), the binary solu
tion containing ACM and MTF exhibits negligible impact on the peak 
potentials of OACM and OMTF. These two Faradaic reactions are analyzed 
using the Nicholson and Shain model [40,41]: 

Ip = 299,000n(ECSA)Cpham
(
αDpharmν

)1/2 (3a) 

where Dpharm is the diffusion coefficient of ACM (6.64 × 10− 6 cm2 s− 1) or 
MTF (5.6× 10− 6 cm2 s− 1), Cpham is the pollutant concentration 
(0.3–1.5× 10− 6 mol cm− 3), α is the transfer coefficient, obtained from 
the peak potential Ep and half-peak potential Ep/2 with, 

α =
0.0477

EP − EP/2
(3b) 

By calibrating the peak current Ip against concentration, the slope 
yields the electron number, n, as shown in Fig. 3e. The calculated n value 
of approximately 2 confirms a nearly two-electron oxidation mechanism 
for both drugs, provided that the electrochemical surface area (ECSA, 
Fig. 3b) is measurable. Cyclic voltammetry of CuCP@rGO with varying 
GO contents (x) in relation to the pollutant concentration is supported in 
Fig. S3, with the corresponding sensitivities (μA μM− 1) reported in 
Fig. 3f. Since embedding the 3D Cu-BTC framework into 2D GO is 
essential for increasing ECSA, the GO content must be adjusted to 
enhance Faradaic current responses. However, excessive incorporation 
of the carbon-based component restricts the dispersion of Cu nano
particles within the derived carbon matrix. As a result, the sensitivity 
toward MTF sharply declines when the GO content exceeds 30 %, while 

Fig. 3. (a) Voltammetric analysis for capacitive charging process, and corresponding ECSA, as influenced by GO content in the CuCP@rGO composite. (c) Vol
tammetry in the presence of mixed ACM and MTF (each 1 mM), and (d) effect of pharmaceutical concentration on the redox currents (50 mV s− 1, 0.1 M PBS). (e) 
Linear regression of peak currents for OACM and OMTF processes versus concentration, (f) with slopes varied with GO content in the CuCP@rGO composite.
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the sensitivity for ACM remains relatively unaffected. For practical 
quantification of binary solution, the composite Cu-BTC0.7/GO0.3 is 
selected as the optimal precursor for CuCP@rGO synthesis.

To further elucidate the reaction mechanisms of OACM and OMTF 
processes, cycle voltammetry was conducted at varying pH values (0.1 
M PBS, 10 mV s− 1), as shown in Fig. 4a and b, respectively. Interestingly, 
the peak current OACM has a decreasing trend with increasing pH, 
opposing to OMTF, as displayed in the insets. It is hypothesized that ACM 
oxidation predominantly occurs at carbon-based sites. The non-polar 
interactions (i.e., London dispersion forces) between the phenolic 
group of ACM and the aromatic domains of the CuCP@rGO surface 
would be weakened upon depronation of the –OH group to -O- when pH 
exceeds its acidic constant (pKa = 9.4) [42]. The electrostatic potential 
(ESP) distribution of ACM molecule with optimized geometry in Fig. 4c 
indicates increased electron density localized at the O1 atom of phenolic 
ring after deprotonation, thereby decreasing the Faradaic current den
sity despite anodic polarization. In contrast, MTF possesses two acidic 
constants for amine –NH2

+ groups, with pKal = 2.8 for the H17 atom and 
pKa2 = 11.5 for H16 atom [43]. In this scenario, these biguanide moi
eties become more negatively charged when pH increases, as evidenced 

by ESP simulation in Fig. 4d. Therefore, the increased electrostatic 
attraction between the MTF molecule and the Cu-exposed sites enhances 
the oxidation current under higher pH conditions.

Additionally, the pH-dependent shifts in redox potentials for target 
pharmaceuticals imply their proton-electron transfer steps. For a generic 
half-cell reaction, Oxidant + mH+ + ne− ⇌ Reductant; E0, the Nernst's 
law describes the dependence of the reduction potential, E, on H+

concentration: 

E = E0 −
RT
nF

ln
(

[Re]
[Ox][H+]

m

)

(4a) 

or at the half-wave potential, E1/2, where [Re] = [Ox], and 298 K, 

E1/2 = E0 − 0.059
m
n

pH (4b) 

Here, m and n represent the number of H+ and e− in the redox 
process, respectively [44,45]. As shown in Fig. 4e, the linear regression 
of the peak potential (Ep) versus pH yields a slope of 52.5 mV per pH for 
OACM, while two linear regions are observed for OMTF peak, with slopes 
of 53.6 mV per pH at pH < 9 and 113 mV per pH at pH > 9. This 

Fig. 4. Effect of pH on voltammetry of CuCP@rGO in 1 mM (a) ACM and (b) MTF, with corresponding linearity of peak potentials OACM and OMTF against pH. 
Electrostatic potential distribution of (c) ACM and (d) MTF. HOMO of (f) ACM to NAPQI and (g) MTF to MTF-OH conversions. Operando Raman spectroscopy of 
CuCP@rGO for (h) ACM and (i) MTF oxidation at varied electrode potentials (vs. RHE).
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behavior suggests that both ACM and MTF oxidations involve a 2H+/2e−

mechanism. In addition, an increased proton stoichiometry participates 
in MTF oxidation at more alkaline conditions. The electron density 
simulations visualize the highest occupied molecular orbital (HOMO) 
with electron-rich (blue) and –deficient (yellow) regions. As predicted in 
Fig. 4f, ACM undergoes oxidative transformation into N-acetyl-p-ben
zoquinone imine (NAPQI) [46], with cleavages of the acetamide N3 and 
the phenolic hydroxyl O1, resulting in the formation of imine (=N-) and 
ketone (=O) groups, respectively. On the other hand, the HOMO dis
tribution of MTF coordinated to the Cu site (Fig. 4g) reveals that two 
amines N3 and N5 are the most susceptible to oxidation. Upon anod
ization, a metal-ligand charge transfer occurs between Cu(II) and one of 
the two imino groups in MTF, leading to a two-proton, two-electron 
redox process to form N-hydroxyguanidine (MTF-OH): (=NH)2(Cu(II)) 
+ H2O → (=NH)(-NOH)(Cu(II)) + 2H+ + 2e− [47]. Additionally, when 
MTF forms a bidentate complex with the Cu site, additional protons 
participate in the two-electron oxidation process: (=NH)2(Cu(II)) +
2H2O → (-NOH)2(Cu(0)) + 4H+ + 2e− , at high pH.

Operando Raman spectroscopy was employed to observe the 
potential-dependent evolution of chemical species on the electrode 
surface. As shown in Fig. 4h, a signal of aryl-compound (910 cm− 1) with 
amide and hydroxyl ring substituents appears at 0 V, indicating the ACM 
adsorption [48]. Additional peaks at 450 and 650 cm− 1 emerge in the 
potential range of +0.3 V to +0.5 V, which coincides with the onset of 
OACM reaction, are attributed to aromatic ring deformation [49]. Two 
prominent carbon bands at 1320 and 1557 cm− 1 due to defective sp3- 
bonded (D-band) and sp2 graphitic vibrations (G-band), respectively, are 
also intensified within this potential window. It is established that non- 

covalent π-π interactions between phenolic group and carbon texture 
influence molecular self-assembly, particularly affecting the organiza
tion of G-band structures [50]. The subsequent attenuation of these 
bands at higher potentials implies that the molecular orientation of 
adsorbed ACM on carbon sites temporarily increases the local crystal
linity of carbonaceous framework. In contrast, in the presence of MTF, 
vibrational bands corresponding to saturated amine at 980 cm− 1 and N- 
H wagging at 785 cm− 1 are observed at potentials beyond +0.9 V, as 
shown in Fig. 4i, indicating MTF adsorption [51]. This is accompanied 
by Cu2O (564 cm− 1) transformation into CuO (406 cm− 1 and 540 cm− 1) 
[52]. A chemical state of Cu2O-CuO composite in CuCP@rGO electrode 
persists as MTF accumulates at higher potentials, where the aromatic 
signals of ACM disappear. These observations confirm that the dual-site 
Cu-C configuration enables selective detection of ACM and MTF at 
distinct potentials.

To gain insights into the interactions between drug molecules and 
the diverse functional surfaces, the free energies of ACM, MTF, and their 
oxidized intermediates in their adsorbed states are computed, as re
ported in Fig. 5. The investigated adhesion sites include a Cu-BTC unit, 
carbon (C), Cu-decorated carbon (Cu/C), and Cu oxides. The corre
sponding optimized geometries are depicted in Fig. S6 and Fig. S7. 
Detail DFT methods are provided in the Supporting Information. ACM 
exhibits strong face-to-face stacking orientation via its phenolic group 
with the benzene rings in BTC (Fig. 5a), as well as with the aromatic 
domains in C (Fig. 5b) and Cu/C (Fig. 5c) [53,54], resulting in more 
negative energies compared to MTF. Interestingly, the MTF molecule 
adsorbs perpendicularly through Cu-biguanide complexation on Cu sites 
of Cu-BTC and Cu/C, but reorients into a flatter configuration on C sites 

Fig. 5. Free energy evolution for ACM/NAPQI and MTF/MTF-OH conversions on active sites: (a) Cu-BTC, (b) C, (c) Cu/C, and Cu2O oxide in (d) (0 0 1) and (d) (1 1 
1) systems.
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with a smaller energy state. These calculations suggest that the non- 
covalent adsorption of ACM on carbon surfaces – characterized by an 
average separation distance of around 3.3 Å - is stronger, compared to 
Cu-biguanide coordination of MTF. Following OACM step, the resulting 
NAPQI intermediate undergoes an energetically unfavorable transition, 
with larger energy barriers. In other words, NAPQI tends to desorb and 
effectively re-adsorb during the cathode process, thereby supporting the 
observed reversibility of OACM/RACM redox couple in voltammetry. In 
contrast, when further elevating potential to OMTF, the transformation to 
N-hydroxyguanidine (MTF-OH) proceeds via a downhill energy 
pathway. MTF-OH remains perpendicularly connected to the Cu site and 
is energetically more stable than the adsorbed NAPQI state on C site. On 
the other hand, adsorbed ACM exhibits a lower energy state on Cu oxide 
surfaces in both (0 0 1) and (1 1 1) systems than does MTF, through 
coordination of its acetyl oxygen to Cu sites, as shown in Fig. 5c and d, 
respectively. However, the oxidation of ACM to NAPQI also results in an 
uphill transition on these two oxide facets, with energies higher than 
those of MTF-OH. These DFT simulations suggest that the sensing 
selectivity between ACM and MTF arises from the differing adsorption 
energies of their oxidized products. Upon potential switching, the 
CuCP@rGO surface – where the NAPQI intermediate readily desorbs at 
low potentials – can expose Cu sites available for subsequent MTF 
oxidation at higher potentials.

Electrochemical impedances of the derived electrodes during OACM 
and OMTF oxidation steps are analyzed as shown in Fig. 6a and b, 
respectively, with Nyquist plots fitted using the equivalent circuit in the 
insets [55]. The electronic components include a charge transfer resis
tance (RCT) in parallel with a double-layer capacitance (Cdl), the parallel 
solid-liquid interfacial resistance (RL) and capacitance (CS), and a series 
electrolyte resistant (RS), as summarized in Table S1. The RCT values 
represent the electrode resistance in mediating electrons for the target 
pharmaceuticals. For ACM at +0.5 V, the trend follows: CuCP@rGO 
(20.3 Ω) < Cu-BTC/GO (242 Ω) < rGO (245 Ω), and for MTF at +1.1 V, 
the trend is even more pronounced: CuCP@rGO (28.3 Ω) < Cu-BTC/GO 
(1872 Ω) < rGO (5481 Ω). These analytical results indicate the essential 
role of MOF carbonization in enhancing charge transfer efficiency. 
Notably, the recrystallization of Cu2+ nodes into Cu metal of oxide in 

CuCP@rGO greatly lowers the RCT of OMTF process, compared to pristine 
MOF and rGO, supporting the preferential adsorption of MTF on Cu 
sites. Fig. 6c demonstrates the voltammetry over a potential window 
encompassing both OACM and OMTF behaviors. The increase in peak 
currents with varying scan rates characterizes the diffusion-controlled 
nature of redox processes for both drugs [56]. To diagnose their elec
trochemical kinetics, a Nernstian model, which predicts a linear shift of 
the peak potential with v1/2, is employed [57,58]. 

Ep = E0́ −
RT
αnF

[

0.78+ ln

(
D1/2

pharm

k0

)

+ ln
(

αnF
RT

)1/2

v1/2

]

(5a) 

Given α = 0.0477
|Ep − Ep/2|

, the heterogeneous rate constant (k0) can be 

simplified as: 

k0 = 2.415exp
[

− 0.02
F

RT

]

D1/2
pharm

(
Ep − Ep/2

)− 1/2v1/2 (5b)  

k0 = 1.11D1/2
pharm

(
Ep − Ep/2

)− 1/2v1/2 (at 298 K) (5c) 

As shown in Fig. 6c, plots of 
(
Ep − Ep/2

)1/2 against square-root of scan 
rate v result in slopes used to calculate the corresponding k0 values [59]. 
The CuCP@rGO electrode exhibits k0 of 0.058 cm s− 1 for ACM and 
0.046 cm s− 1 for MTF in their respective individual solutions, measured 
in Fig. S4. When both pharmaceuticals are present in a mixed solution, 
these values decline to 0.035 cm s− 1 and 0.037 cm s− 1 for ACM and MTF, 
respectively, indicating minimal interference between the two analytes 
in detection reactivity. The heterogeneous rates for the anodic oxidation 
of ACM and MTF using CuCP1-x@rGOx electrodes, as affected by GO 
content (x, %), are compared in Fig. 6e. Consistent with the Faradaic 
current responses to pharmaceutical concentrations shown in Fig. 3f, the 
incorporation of GO contributes to the enhanced ECSA of the 2D-3D 
composite, which leads to a maximum k0 for ACM at x = 30–50 %. 
However, as the GO content increases, the relative abundance of Cu 
oxide diminishes, resulting in a sharp decline in the k0 value for MTF at x 
exceeding 30 %. EPR analysis in Fig. 6f reveals a weaker signal associ
ated with oxygen vacancies (OV) in the rGO sample, compared to CuCP. 

Fig. 6. Impedance analysis at potentials of (a) +0.5 V and (b) +1.1 V in a binary pharmaceutical solution (1 mM ACM, 1 mM MTF, 0.1 M PBS). (c) Effect of scan rate 
on voltammetry of CuCP@rGO electrode (1 mM ACM + MTF), with (d) linearity of peak profile, (Ep – Ep/2)1/2, against the scan rate v1/2. (e) Heterogeneous rate 
constants of ACM and MTF oxidation as affected by GO content in the CuCP@rGO composite. (f) EPR analysis in the region of oxygen vacancy.
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Notably, the CuCP@rGO composite exhibits an identified OV peak with a 
g-value of 2.001, corresponding to unpaired electrons trapped at defects 
[60]. The enriched oxygen defects mainly originate from the mixed- 
valence state of Cu(0)/Cu(I) formed during carbonization, thereby 
improving electron mobility for oxidation reactions, as observed in both 
impedance and heterogeneous rate analyses.

3.3. Electrochemical sensing of binary ACM and MTF

Differential pulse voltammetry (DPV) was employed to quantify 
trace levels of ACM and MTF in mixed solution, with both analytes 
ranging in 0.5–300 μg L− 1 (0.1 M PBS, pH 8). As demonstrated in Fig. 7a, 
the rGO electrode presents one sharp OACM peak at +0.5 V, while the 
OMTF signal is nearly imperceptible – further confirming that ACM 
detection primarily occurs at carbon sites. In contrast, Fig. 7b and c 
displays the DPV analysis of the Cu-BTC/GO and CuCP@rGO electrodes, 
respectively, toward increasing concentrations of binary pharmaceutical 
mixture. A substantial enhancement in the OMTF peak intensity is 
observed, indicating the critical role of Cu sites in MOF composites. 
Notably, the OMTF current becomes even more pronounced with the 
CuCP@rGO sensor. This result further highlights that the enlarged ECSA 
and the phase transition of Cu2+ to Cu2O in the carbonized composite 
significantly improve the MTF sensitivity. Plots of peak current IP versus 
pharmaceutical level present two obvious linear regions: 0.5–50 μg L− 1 

(low) and 50–300 μg L− 1 (high), as shown in Fig. 7d and e for ACM, and 
Fig. 7f and g for MTF at their respective peak potentials. Generally, the 
sensitivity in μA per μg L− 1 is considerably higher in the low 

concentration range compared to high range. The calibration slopes m 
for OACM follow the order: 0.566 μA μg− 1 L (CuCP@rGO) > 0.144 μA 
μg− 1 L (Cu-BTC/GO) > 0.103 μA μg− 1 L (rGO). In contrast, the slopes for 
OMTF are in the order: 0.905 μA μg− 1 L (CuCP@rGO) > 0.204 μA μg− 1 L 
(Cu-BTC/GO) > 0.0053 μA μg− 1 L (rGO). The limit of detection (LOD) 
and limit of quantification (LOQ) are calculated based on the standard 
equations: LOC = 3σ

m and LOQ = 10σ
m . Using the CuCP@rGO electrode, the 

standard deviation σ of background current is obtained from DPV 
analysis in the blank solution (n = 10, 2.96 × 10− 8 A for ACM at +0.5 V, 
and 6.34 × 10− 8 for MTF at +1.1 V). As a result, LOD and LOQ are 0.16 
μg L− 1 and 0.52 μg L− 1 for ACM, and 0.21 μg L− 1 and 0.69 μg L− 1 for 
MTF, respectively, in mixed pharmaceutical solutions.

The detection of binary pharmaceuticals was evaluated in various 
real water samples, compositions detailed in Table S2, to validate the 
applicability of the CuCP@rGO electrode. Based on DPV results shown 
in Fig. S5, Fig. 7h and i demonstrates the calibration plots for ACM (at 
+0.5 V) and MTF (at +1.1 V), performed in the effluent from a munic
ipal wastewater treatment plant (WWTP), Chengcing Lake, and the Liver 
River, all located in Kaohsiung City, Taiwan. Compared to the results 
obtained in PBS electrolyte, the water matrices have negligible influence 
on ACM detection, with an average sensitivity of 0.6 μA μg− 1 L. How
ever, the slopes for MTF noticeably decrease to 0.52, 0.32, and 0.44 μA 
μg− 1 L in WWTP, River, and Lake samples. The Faradaic current asso
ciated with the OMTF process is more susceptible to the water complexity 
than the OACM process. Fig. 7j displays the voltammetry recorded in 
different water samples over a potential window (v = 50 mV s− 1) that 
includes OACM and OMTF peaks. The absence of interfering peak currents 

Fig. 7. DPV current responses of (a) rGO, (b) Cu-BTC/GO, and (c) CuCP@rGO electrodes to varied pharmaceutical concentrations in the binary solution. Calibration 
curves for (d) low and (e) high concentrations of ACM, and (f) low and (g) high concentrations of MTF. Effect of water matrices on sensing (h) ACM and (i) MTF. (j) 
Voltammetric analysis of CuCP@rGO electrode for 1 mM ACM and MTG spiked in real water samples.
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confirms that other components in the matrices have minimal impact on 
the detection of target drugs. However, the weakened sensitivity to MTF 
in River sample is likely due to its elevated salinity. As a brackish water 
body with an ionic strength of 0.7 eq. L− 1, it contributes to a higher non- 
Faradaic capacitive current that obscures the resolution of OMTF peak.

A comprehensive review of active materials for electrochemical 
quantification of ACM and MTF is reported in Table S3. Various carbon- 
basd materials – such as CNT [61], graphene [62,63], and MOFs [64], as 
well as metal oxides, such as SrWO4 [65], Ni [66,67], Cu [68], and Au 
[69], have been explored as sensing platforms. Incorporating transition 
metals into different carbonaceous textures generally lowers the detec
tion limits for ACM, clarifying the contribution of carbon to enhancing 
selectivity [70–73]. Additionally, sensing MTF relies on the formation of 
Cu(II)-biguanide complexes as a redox mediator for inducing Faradaic 
currents. Thus, Cu composites are frequently chosen [47,74–76]. How
ever, electrode characteristics optimized for high sensitivity to a single 
target pollutant often limit versatility when applied to solutions con
taining multiple contaminates. In the present study, a bi-functional co- 
catalyst was synthesized using Cu-MOF and GO as precursor, enabling 
tunable decoration of Cu NPs into 3D carbon framework to boost 
sensitivity toward binary mixtures of ACM and MTF. Moreover, the 
sensor demonstrated reliable performance in various real-world water 
samples.

Repetitive cyclic voltammetry are conducted in a mixed solution 
containing 0.5 mM ACM and 0.5 mM MTF using the CuCP@rGO elec
trode to assess its sensor durability. As shown in Fig. 8a, the current 
responses for OACM and OMTF stabilize within the first 10 cycles, and 
remain consistent over the subsequent 100–5000 cycles. Both peak 
currents possess minimal decay, with standard deviations below 5 %, 
verifying the excellent electrochemical stability of the electrode for 
long-term redox process. Fig. 8b presents the DPV responses of 5 μg L− 1 

mixed pharmaceuticals spiked into the WWTP sample over 15 replicated 
tests. The current signals of the OACM and OMTF doublet show minimal 
variation, with mean recoveries P of 98.8 ± 2.56 % for ACM and 101.8 

± 6.4 % for MTF. The associated control charts are depicted in Fig. S8, 
alongside results from HPLC analysis. Although conventional chroma
tography (Fig. S9) achieves relatively lower detection limits for ACM 
and MTF, the CuCP@rGO sensor delivers comparable recovery values, 
which all measurements fall within the defined warning limits (P ± 2σ) 
and control limits (P ± 3σ), validating the quantification accuracy of the 
sensor for these target pollutants. The selectivity of the CuCP@rGO to
ward mixed ACM and MTF is further assessed through stepwise addition 
of interfering chemicals under chronoamperometry mode. As shown in 
Fig. 8c, the amperometric currents are recorded at respective potentials 
(+0.5 V and +1.1 V). Following sequential additions of ACM or MTF, the 

Fig. 8. (a) Repetitive cyclic voltammetry curves of the CuCP@rGO electrode in the presence of 0.5 mM mixed ACM/MTF. (b) Reproducibility test of DPV signals of 
ACM/MTF (each 5 μg L− 1) spiked in WWTP effluent over 15 replicated trails. (c) Effects of interfering species (inorganic salts = 1 mM, organic matters = 5 μg L− 1) on 
chronoamperometric currents of ACM (+0.5 V) and MTF (+1.1 V). XPS analysis of the used electrode at (d) O 1s and (e) Cu 2p orbitals. (f) SEM morphology and (g) 
TEM mappings of the used CuCP@rGO.
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measurement of steady currents lasts for 150 s for each of chemicals, 
including inorganic salts – NaCl, NaNO3, NaClO4, Na2SO4, and 
(NH4)2SO4) and organic compounds – urea, ibuprofen (IBU), caffeine, L- 
lysine, and L-serine. At anodic potentials, while a brief capacitive 
charging is observed due to ionic strength perturbation, none of anionic 
species at 1 mM causes significant shifts in the Faradaic current response 
of either drugs. Organic matters, frequently found in wastewater, also 
exhibit minimal interference. Interestingly, the ACM current remains 
stable in the presence of MTF, whereas the MTF current notably elevates 
after ACM is introduced. Since the applied potential for OMTF is beyond 
OACM, the overlapping transient current from ACM could affect the MTF 
calibration in mixed solutions. To mitigate this interference during 
practical operation, applying a range of potentials is advised to pre- 
screen for the simultaneous presence of ACM and MTF.

The used CuCP@rGO electrode, obtained after repetitive voltam
metry tests, was analyzed by XPS, as shown in Fig. 8d and e. Compared 
to the pristine sensor (Fig. 2g), significant changes are observed in the 
elemental ratios, particularly in O-C at O 1s and Cu(II) at Cu 2p orbitals, 
which increase from 16 % and 65 % to 31 % and 83 %, respectively. 
These post-characterizations indicate partial passivation of Cu and 
oxidation of functional groups on reduced graphene, attributed to their 
role in mediating electron transfer for the oxidation of adsorbed pol
lutants. The shift in chemical states is further supported by an increase in 
the atomic oxygen content, as displayed in Fig. 8f, while the 3D 
framework of CuCP octahedrons uniformly anchored on graphene sheets 
remains intact. Fig. 8g re-examines TEM mappings of the used 
CuCP@rGO electrode, showing the retained topological structure of 
CuCP intercalated within rGO phase. Cu and O elements are predomi
nantly localized in polyhedral domains, encapsulated by C and N signals. 
Additional P element well-distributed around the carbon skeleton is due 
to the adsorption of phosphate buffer.

4. Conclusions

Pharmaceutical pollution in aquatic environment poses potential 
risks to both ecological systems and human health. To improve the field- 
deployable detection of pharmaceuticals in water samples, a convenient 
and rapid quantification method is highly desirable. In this study, a Cu-C 
composite, CuCP@rGO, was synthesized from a MOF and graphene 
oxide to engineer multiple adsorption sites for sensing mixed pharma
ceutical compounds, ACM and MTF. Specifically, Cu NPs confined 
within the carbon octahedral framework served as coordination centers 
for MTF, whereas π-π interactions between the carbon domains and ACM 
facilitated reversible redox processes at distinct potentials. The incor
poration of GO at an optimal ratio promoted the uniform distribution of 
Cu sites, thereby boosting electrode sensitivity. Selective detection was 
fulfilled bypotential switching, +0.5 V (vs. RHE) for ACM and +1.1 V 
(vs. RHE) for MTF. To validate the sensor applicability, trace concen
trations at μg L− 1 level were successfully quantified in complex water 
matrices, including municipal wastewater effluent, lake water, and river 
water. This study offers insights into the design of MOF-GO-based 
electrochemical sensors and presents a promising platform for phar
maceutical monitoring, achieving detection limits comparable to those 
obtained using chromatographic methods.
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