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A B S T R A C T

The widespread use of anti-diabetic pharmaceuticals has become a significant environmental concern. This study 
reports the synthesis of a trimesic acid framework, CuBTC/PVP, comprising benzene-1,3,5-tricarboxylic acid and 
polyvinylpyrrolidone, and its pyrolyzed copper-carbon materials for electrochemical detection of metformin 
(MTF). Upon carbonization, the resulting composite, featuring copper nanoparticles (NPs) and nanoclusters 
embedded in carbon nano-octahedrons (CuCNO), substantially improved the effective surface area and charge 
transfer efficiency for sensoring applications. Redox transitions between Cu(I) and Cu(II) on Cu sites mediated 
the oxidation of surface-chelated biguanide Cu(II)-MTF complexes, as supported by electron density calculations. 
Pyrolysis temperature controlled crystallite size and dispersity of Cu NPs in CNO, so to optimize the voltammetric 
current density at approximately +1.0 V (vs. RHE) for CuCNO(400). The pH-dependent peak potential shifts and 
free energy calculations revealed that the double chelation of MTF at high pH greatly enhanced detection 
sensitivity. The electrode demonstrated excellent reproducibility, selectivity, and analytical recovery in real 
water samples, including river, lake, and wastewater effluent. It achieved a highly linear anodic current across 
MTF concentrations of 0.5–50 μg L− 1, with a detection limit of 0.054 μg L− 1.

1. Introduction

Pharmaceuticals represents a major subgroup of emerging pollut
ants, contaminating the environment through their manufacture, use, 
and disposal [1]. Substances such as antibiotics, analgesics, and 
non-steroidal anti-inflammatory drugs (NSAIDs) are found in hospital 
and municipal wastewaters, with concentrations ranging from ng L− 1 to 
mg L− 1 – levels that rise markedly in recent years, particularly during 
the pandemic [2]. Many of these pharmaceuticals are persistent, 
bio-accumulative, and pose ecological risks to aquatic organisms. Active 
pharmaceutical ingredients (APIs), including carbamazepine, caffeine, 
and metformin, resist to complete mineralization in conventional 
wastewater treatment plants (WWTPs) [3]. Moreover, the formation of 
chlorinated byproducts during disinfection processes further exacer
bates environmental concerns. To address these challenges, effective 
methods are needed to monitor a diversity of pharmaceutical pollutants. 
Although laboratory-scale analytical techniques like gas chromatog
raphy (GC) and high-performance liquid chromatography (HPLC) pro
vide accurate trace-level detection for pharmaceutical pollutants, they 
are expensive, non-portable, and less suitable for routine field 

monitoring [4]. Electrochemical devices offer a straightforward and 
user-friendly alternative, enabling selective quantification in complex 
water matrices due to the distinct redox potentials of various contami
nants [5]. In this study, metformin (MTF, N,N-dimethylbiguanide) is 
selected as a model pharmaceutical due to its widespread use in type-II 
diabetes treatment. Classified by the WHO as an essential medicine for 
managing hypoglycemia [6], MTF is among the most frequently found 
drugs in surface and wastewater. Despite being not a hormone mimic, 
MTF can still disrupt the endocrine systems of aquatic vertebrates, such 
as fish and mammals [7]. Particularly, its persistence and bio
accumulation in living organisms and the environment are associated 
with potential health risks, such as lactic acidosis or vitamin B12 defi
ciency [8]. Owing to its widespread use, MTF has been detected at 
adverse levels in various waste sources, ranging from 10 to 100 μg L− 1 in 
sewage treatment plant, 3–100 μg L− 1 in water reclamation facility, and 
approximately 10 μg L− 1 in river catchments [8].

The limited versatility of commercial electrodes such as glassy car
bon (GCE) and carbon paste (CPE) in analyzing a broad range of pol
lutants stems from their lack of active metals. Previous studies have 
shown that MTF molecules specifically chelated with copper metal or 
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oxides, inducing intrinsic potential-current responses at their charac
teristic redox potentials [9]. MOF-derived materials enable the inte
gration of metal species into carbon frameworks using organic linkers 
such as imidazolate (ZIF), benzene-1,3,5-tricarboxylates (BTC), and 
benzene-1,4-dicarboxylic acid (BDC), thereby enhancing the electro
chemical surface area (ECSA) and redox sensitivity toward target ana
lytes [10]. BTCs – known as trimesic acid – feature alternating 
tetrahedral or octahedral coordination geometries. This structural 
versatility has led to wide exploration in applications such as gas sepa
ration, catalysis, and biomedical engineering [11]. Their physicochem
ical properties can be tailored by varying the coordinated metal ions, 
such as Cu2+, Fe2+, Mn2+, and Co2+ [12,13]. CuBTC, in particular, 
presents a compelling alternative to traditional Cu deposition on carbon 
supports, as it allows for the atomic-scale dispersion of Cu sites within a 
stable carbon framework.

Electrochemically sensing of MTF is driven by the complexation and 
activation of Cu2+-biguanide species [14,15]. The redox transition of 
Cu2+-to-Cu+ in Cu2+-MTF complexes adsorbed on electrode surfaces 
facilitates metal-to-ligand charge transfer, enabling MTF oxidation at 
specific anodic potentials [16]. While soluble copper salts such as CuCl2 
and Cu(NO3)2 are employed in homogeneous approaches, their use leads 
to waste generation and environmental concerns. To address the above 
limitation, copper metal or oxide nanoparticles (NPs) can be synthesized 
as active sites for MTF detection. The novelty of this study lies in the 
utilization of CuBTC, instead of conventional copper-carbon composites, 
as a precursor for the electro-sensor. CuBTC is deemed to enhance the 
redox reactivity and sensitivity of Cu sites toward MTF. The incorpo
ration of polyvinylpyrrolidone (PVP) as a structure-directing modifier 
controlled the geometry and particle size of CuBTC/PVP during sol
vothermal synthesis [17,18]. Subsequent pyrolysis intercalated Cu 
crystallites or nanoclusters into the mesoporous carbon 
nano-octahedrons (CuCNO). Effects of carbonization degree on MTF 
sensing sensitivity and stability at trace quantities were evaluated. The 
redox mechanism, analytical recovery, selectivity against interfering 
species, and the limit of detection for MTF were investigated through 
voltammetry and chronoamperometry modes.

2. Experimental section

The methodology, including details on chemical regents, preparation 
procedures, characterization techniques, and measurement protocols, is 
provided in Supporting Information S1. CuBTC/PVP and the derived 
CuCNO(300–700) composites are synthesized via a solvothermal pro
cess, as shown in Scheme 1.

3. Results and discussion

3.1. Characterization

As shown in Fig. 1a, the synthesized CuBTC/PVP exhibits well- 
defined single crystals with an octahedral morphology. Compared to 
conventional Cu-BTC, commonly known as MOF-199 or HKUST-1 
(Cu3BTC2) [19], the average grain size is greatly reduced from around 
10 μm (inset of Fig. 1a) to 200–400 nm due to the templating effect of 
the PVP modifier [20]. Upon pyrolysis at 400 ◦C, Cu2+ nodes migrate 
from the organic framework and nucleate into nanoparticles (NPs) 
embedded within the carbon polyhedrons (Fig. 1b). Meanwhile, the 
CuBTC/PVP structure undergoes moderate shrinkage when BTC linkers 
are gradually carbonized into an inorganic carbon nano-octahedron 
(CNO). At higher temperatures (700 ◦C, Fig. 1c), the Cu NPs coarsen 
into clusters anchored along the CNO edges due to the Ostwald ripening 
effect [21]. Notably, elemental analysis reveals an increased atomic 
percentage of oxygen around Cu sites, suggesting the recrystallization of 
metal oxide in the clusters. High-magnification TEM images reveal that 
the porous CNO framework effectively encapsulates Cu clusters 
(Fig. 1d), which are composed of rod-like crystallites with an average 
diameter of 10 nm (Fig. 1e), indicating their polycrystalline nature. The 
selected-area electron diffraction (SAED) in Fig. 1f, acquired from the Cu 
particles, displays distinct concentric rings, corresponding to mixed 
diffraction patterns of Cu2O and CuO phases [22]. The HRTEM image 
shows a lattice d-spacing of 0.246 nm, indexed to the (1 1 1) plane for Cu 
oxides [23]. Elemental mappings of CuBTC/PVP and CuCNO(400) are 
shown in Fig. 1g and h, respectively. Uniform distribution of C, N, O, and 
Cu signals in CuBTC/PVP suggests a long-range ordered metal-organic 
crystallinity. After carbonization, the porous carbon skeleton in 
CuCNO is particularly assembled by C and N elements, while O is 
concentrated around the embedded clusters in CNO matrix, indicating 
the oxidation of copper.

The crystal structures of pyrolyzed CuCNO are characterized via 
XRD, as shown in Fig. 2a. The major diffraction peaks of the CuBTC/PVP 
precursor appear at 2θ of 6.9o, 9.4o, 11.5o, 13.6o, and 19.1o, corre
sponding to (2 0 0), (2 2 0), (2 2 2), (4 0 0), and (4 4 0) planes, 
respectively, verifying the formation of standard HKUST-1 (Cambridge 
Structural Database 112954) [24]. Upon heating to 300 ◦C, metallic 
copper (Fm 3 m(225)) emerges, with (1 1 1), (2 0 0), and (2 2 0) planes 
at 2θ of 43.3o, 50.4o, and 74.1o, respectively, while the diffraction 
pattern of the BTC framework disappears. This change indicates the 
recrystallization of Cu2+ nodes into the metallic phase, accompanied by 
the decomposition of the ordered organic linkers at this temperature. 

Scheme 1. Synthesis of CuBTC/PVP and CuCNO.
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Further pyrolysis at 400–700 ◦C results in the transformation of Cu metal 
into Cu2O (Pn 3 m, space group 224) and CuO (Tenorite, C2/c, space 
group 15) phases, with increased crystallinity evidenced by the inten
sified diffraction signals. Notably, the carboxyl groups in BTC molecules 
provide internal oxygen for the formation of Cu oxides even under an 
inert N2 atmosphere. Thermogravimetry analysis (Fig. 2b) shows that an 
initial weight loss of ~25 % at 200 ◦C corresponds to the vaporization of 
crystalline water. A sharp mass decline centered at 300 ◦C highlights the 
decomposition of the copper tricarboxylate integrity. Above 400 ◦C, the 
BTC linkers fully carbonize into CNO, while Cu transitions to their 
oxygenated forms, as reflected in the XRD analysis. FTIR spectra in 
Fig. 2c evidence characteristic vibrations of BTC functional groups 
within 700–1700 nm, including C–H and C––C stretching in benzene 
rings at 764 and 1650 cm− 1, respectively, as well as carboxylate bending 
and stretching at 1450 cm− 1 and 1375 cm− 1, respectively [25]. The peak 
at 489 cm− 1 identifies Cu2+ - ligand coordination in CuBTC [26], while 
the C–N bond at 1115 cm− 1 is specifically attributed by the PVP additive 
[27]. In pyrolyzed samples, the simplified patterns retain prominent 
C––C, C–O, and C–N signals and indicate the transformation of the BTC 
polymer into a graphitic carbon matrix in CuCNO. Concurrently, Cu2+

precipitates as oxide Cu2O (630 cm− 1) and CuO (521 cm− 1) [28]. Raman 
shifts of CuBTC/PVP (Fig. 2d) display peaks below 600 cm− 1, associated 

with the stretching vibrations of Cu2+-O in the framework. For CuCNO 
samples, two characteristic bands at 1302 cm− 1 and 1571 cm− 1, 
assigned to the defective sp3-bonded (D) and sp2 graphitic vibrations 
(G), respectively, indicate the formation of inorganic carbon crystal
linity. The decreasing D-to-G peak intensity ratio (ID/IG) with increasing 
temperature suggests an enhancement in graphitic ordering [29]. On the 
other hand, in CuCNO(400), the sharp Eg mode at 590 cm− 1 confirms the 
thermal reduction of Cu2+ nodes to Cu2O. This peak shifts to 278 cm− 1 

(Ag) in CuCNO(700) due to the further oxidation of Cu2O to CuO [30], 
consistent with observations from XRD and FTIR analyses.

The BET adsorption isotherm of CuBTC/PVP (Fig. 2e) reveals a high 
specific surface area (S.S.A.) exceeding 800 m2 g− 1. However, carbon
ization leads to collapse of the BTC framework, drastically reducing the 
S.S.A. to below 100 m2 g− 1 in CNO samples. The isotherm of CuBTC/PVP 
exhibits an H4-type hysteresis loop, indicative of microporosity with 
narrow slit-like pores, based on IUPAC classification [31]. The hysteresis 
loop shifts to an H2-type on CuCNO(400) and CuCNO(700), implying 
capillary condensation of N2 in ink-bottle mesopores formed by particle 
agglomerates. Pore size distribution (Fig. 2f) defines a micropore 
diameter of 2.2 nm in CuBTC/PVP, whereas CuCNO shows an increased 
mesopore fraction, with an average size peaking at 13 nm in CuCNO 
(400). This indicates the development of a carbon skeleton with 

Fig. 1. SEM images of (a) CuBTC/PVP, (b) CuCNO(400), and (c) CuCNO(700); TEM of (d) CuCNO(400) and (e) nanorodes in the Cu cluster. (f) SAED and HRTEM of 
CuCNO(400). Elemental mappings of (g) CuBTC/PVP and (h) CuCNO(400).
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expanded pore structures during BTC decomposition, despite the overall 
decrease in S.S.A. due to structural densification and loss of framework 
order. The full XPS spectra of CNO pyrolyzed at different temperatures 
in Fig. S1a show characteristic binding energies at approximately 285 
eV, 400 eV, 530 eV, and 935 eV for C 1s, N 1s, O 1s, and Cu 2p, 
respectively [32]. The attenuation in O and N orbitals with increasing 
temperature, as shown in Fig. S1b, indicates the thermal decomposition 
of oxygenated and nitrogen-containing groups within the carbon matrix 
in CNO. Chemical states are quantified through peak deconvolution in 
Fig. 2g. Carboxyl group (O–C––O, 288.5 eV) from the BTC linker van
ishes in CuCNO, while the signal for C–C/C––C (284.6 eV) is intensified, 
and those for C–N (285.4 eV) and C–O (286.6 eV) are weakened, 
reflecting carbonization effects [33]. In Cu 2p3/2 bands, Cu2+ (934 eV), 
originally dominant in CuBTC, is largely reduced to zero-valent Cu0 

(932.5 eV) in CuCNO(400), while partially recrystallizing as CuO in 
CuCNO(700) [34]. The O 1s evolves from –COOH (532 eV) coordination 
in CuBTC/PVP to contributions from lattice oxygen (Cu–O, 530.5 eV) in 
oxides and adsorbed Oads (531.6 eV) in CNO, the latter sometimes linked 
to oxygen defects. Although missing oxygen atoms are not detectable via 
ex-situ photoelectron spectroscopy, Oads is often used as a proxy for 
surface defects [35]. N doping is evidenced by the replacement of C–N 
(399.8 eV) from PVP additive with graphitic-N (401.8 eV) and other 
nitride species such as Cu–N (398.2 eV) and C–N (400.1 eV) [36]. As 
summarized in Fig. S1c, the thermal evolution of chemical states with 
temperature results in nitrogen-doped carbon composites with 
embedded Cu oxide nanoparticles.

3.2. Electrochemical behaviors

Within the potential range where electrical double-layer capacitance 
(Cdl) dominates, the increased non-Faradaic current densities indicate 
an enhancement in electrochemical surface area (ECSA) for charge 
storage. Fig. 3a reveals that the voltammetry responses of CuCNO 
outperform those of the pristine CuBTC/PVP and bare glassy carbon 
electrode. This result contrasts with the trend of the BET surface area, 
implying the less accessibility of microporosity in CuBTC/PVP for 
electrochemical processes. When the BTC polymer converts to CNO, 
mesoporous surfaces promote more effective ion diffusion and sorption, 
despite the drastic decrease in S.S.A. Fig. 3b demonstrates the depen
dence of peak currents (Ip) on scan rate for the ferricyanide redox couple 
(in 0.1 M KCl), allowing estimation of ECSA based on the Nernst’s theory 
[37]: 

Ip =269,000n3/2(ECSA)C(DFeν)1/2 (1) 

where n = 1 for Fe(CN)6
3− ⇌ Fe(CN)6

4− , C is the K3Fe(CN)6 concentration 
(5 × 10− 6 mol cm− 3), DFe is the diffusion coefficient (7.6 × 10− 6 cm2 

s− 1), and v is the scan rate (0.05 V s− 1). ECSA, determined from the slope 
of Ip versus v1/2, is summarized in Fig. 3c, alongside Cdl values measured 
using the integrated method [38]: 

Cdl (F)=
1

νΔV

∫ V2

V1

IdV (2) 

Fig. 2. (a) XRD and (b) thermal analysis of CuBTC/PVP. (c) FTIR, (d) Raman spectra, and (e) BET isotherms of CuCNO pyrolyzed at different temperatures, with 
corresponding (f) pore size distribution. (g) XPS at binding energies of C 1s, Cu 2p, O 1s, and N 1s orbitals.
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where ΔV = 0.7 V. The ECSA of CuCNO(400) reaches 1.22 cm2, almost 
20 times that of the bare GCE (0.071 cm2). Importantly, both ECSA and 
Cdl peak at CuCNO(400), then tend to decline at higher temperatures, 
likely due to the coarsening of Cu nanoparticles, which reduces the 
density of active sites.

The electrochemical reactivity of the GCE and CuBTC/PVP toward 
metformin (MTF) is confirmed via voltammetry, as shown in Fig. S2. 
While OMTF intensity remarkably improves on CuBTC/PVP, relative to 
the GCE electrode, the Cu2+ nods in the organic framework are deemed 
to the active sites facilitating electron transfer for the adsorbed met
formin molecules. Pyrolyzing CuBTC to CuCNO further amplifies the 
OMTF response, as displayed in Fig. 3d, with CuCNO(400) exhibiting the 
most pronounced response (0.1 M PBS, 50 mV s− 1, pH 7–8, uncon
trolled). This suggests that the transformation of Cu2+ into with well- 
dispersed Cu oxides anchored on carbon octahedrons is critical to the 
high sensitivity of MTF detection. On the other hand, the Nicholson and 
Shain model describes the relationship between the Faradaic current 
and the concentration of electroactive species by assuming a diffusion- 
controlled redox process [39]. Accordingly, the anodic current density 
of the CuCNO(400) electrode at approximately +1.0 V (OMTF) increases 
with rising MTF concentration, as present in Fig. 3e. The irreversible 
OMTF peak is then evaluated using: 

IMTF =299,000n(ECSA)[MTF](αDMTFν)1/2 (3) 

where DMTF represents the diffusion coefficient of MTF (5.6×

10− 6 cm2 s− 1) and α is the transfer coefficient, estimated from the peak 
potential Ep and half-peak potential Ep/2 with α = 0.0477

|Ep − Ep/2|
[40]. The 

number of electrons (n) involved in the OMTF step is predicted via linear 
fitting of peak current IMTF versus [MTF] in mol cm− 3, as shown Fig. 3f. 
Given ECSA in Fig. 3c, the calculated n ranges from 1.8 to 2.1 for 
different electrodes, indicating a nearly two-electron oxidation process.

To further investigate the MTF sensing mechanism, voltammetry 
measurements are performed across a pH range of 5–12 using both 
CuBTC/PVP and CuCNO(400) electrodes, as shown in Fig. 3g and h, 
respectively. The OMTF peak potentials shift negatively with increasing 
pH due to the electrochemical thermodynamics. Linear regression of 
peak potential against pH yields a slope of − 2.3bRT

nF or − 0.059 b
n V per pH, 

where b represents the proton equivalence involved in the redox re
actions [41]. The obtained slopes in the insets are − 0.055 V/pH for 
CuBTC/PVP and − 0.052 V/pH for CuCNO(400), which increase to 
− 0.115 and − 0.106 V/pH, respectively, at pH > 10. This trend suggests 
a two-proton process in MTF oxidation, increasing to four protons in 
alkaline conditions. Meanwhile, a sharp increase in OMTF peak current 
occurs around pH 10 on CuCNO(400), but not for CuBTC/PVP (Fig. 3i). 
MTF, a diprotic Brønsted acid, has two dissociation constant, pKa1 = 2.8 
and pKa2 = 11.5 (Fig. 4a) [42]. At higher pH, deprotonation of = NH2

+

groups reduces electrostatic repulsion between MTF and Cu2+-exposed 
surfaces, thereby enhancing the Faradaic current response. Electrostatic 
potential (ESP) simulation elucidates the intermolecular charge distri
bution, which reveals a predominant negativity around the two amine 

Fig. 3. (a) Capacitive currents of CuBTC/PVP and derived CuCNO electrodes measured in 1 M KOH (100 mV s− 1), (b) cyclic voltammetry of CuCNO(400) in 5 mM 
ferricyanide (K3Fe(CN)6, 0.1 M KCl). (c) Electrical capacitance and ECSA as affected by pyrolysis temperatures. (d) CV of CuBTC/PVP and derived CuCNO electrodes 
within 1 mM MTF, and (e) effect of MTF concentration on voltammetry of CuCNO(400) (0.1 M PBS, v = 50 mV s− 1, uncontrolled pH). (f) OMTF peak current (IMTF) as 
a function of MTF molarity. Effect of pH on voltammetry of (g) CuBTC/PVP and (h) CuCNO(400), and (i) current densities of IMTF (MTF = 300 μM).
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(=NH) groups (N3 and N5), as shown in Fig. 4b. Cu2+ ions function as 
Lewis acid sites, coordinating with these = NH to form a biguanide 
complex [43,44]. On the other hand, at pH > 9, the number of ligand in 
the complex doubles as [Cu2+(C4H11N5)2] (Cu2+ + 2C4H11N5 ⇌ 
Cu2+(C4H11N5)2; β3 = 1022.2) [45]. The acid-base thermodynamics and 
equilibrium constants governing Cu2+-MTF speciation are detailed in 
the Supporting Information S3, where total MTF concentration in
fluences the complexation profiles as a function of pH (Fig. 4c & Fig. S3). 
Accordingly, the pronounced shift in the pH-dependent OMTF peak po
tential at high pH is attributed to enhanced bidentate chelation of MTF 
on Cu oxide surfaces, effectively doubling the coordination sites.

DFT calculations predict the molecular orientation of biguanide 
during electrooxidation (see Supporting Information S4 for full energy 
density simulations). As shown in Fig. 4d, analysis of the highest occu
pied molecular orbital (HOMO) and the lowest unoccupied molecular 
orbital (LUMO) for MTF highlights electron-rich (blue) and –deficient 
(yellow) regions [46]. Fukui indices, f+, identify nucleophiles 
attack-prone sites, particularly one of the = NH groups, suggesting that 
MTF oxidation initiates via hydrolytic attack by OH− (Fig. S4) [47]. 
Within the complex, Lewis acid–base interactions dominate, with elec
tron depletion at Cu2+ evident from the HOMO distribution, rendering 
them susceptible to reduction (Fig. 4e) [48]. Conversely, the N3 and N5 
atoms in MTF are the most vulnerable for oxidation, leading to a 
two-electron, two-proton transfer mechanism (=NH + H2O ⇌ –NOH +
2H+ + 2e− ). Under anodic polarization, an electron-rich Cu+ catalytic 
state forms so that promotes metal-ligand charge transfer. 

Cu2+(C4H11N5)+H2O → Cu+(C4H10N5OH)+2H+ + e− (4a) 

Cu+ → Cu2+ + e− (4b) 

Cu2+(C4H11N5)+H2O ⇌ Cu2+(C4H10N5OH)+2H+ + 2e− (4c) 

In this scenario, Cu2+ nodes in CuBTC/PVP, characterized by high f-- 
mapped electron density and thus vulnerability to electrophilic attach 
(Fig. S5), serves as the primary mediators (Fig. 4f). At high pH, bidentate 
coordination facilitates a two-electron, four-proton process (Fig. 4g): 

CuIIBTC(C4H11N5)2 +2H2O ⇌ Cu0BTC(C4H10N5OH)2 +4H+ + 2e− (5) 

In the case of pyrolyzed CuCNO, nucleophilic attack targets the HOMO 
of MTF with high probability of donating electrons to the CuO surface: 

CuO − (C4H11N5)+H2O ⇌ CuO − (C4H10N5OH)+2H+ + 2e− (6a) 

CuO − (C4H11N5)2 +2H2O ⇌ Cu2O − (C4H10N5OH)2 +4H+ + 2e−

(6b) 

The Forcite module was employed to rapidly pre-optimize the mo
lecular structures of CuBTC and MTF. Subsequently, the total free en
ergies, HOMO, and LUMO (Table S1) of *MTF and *MTFOH species 
adsorbed on Cu sites within CuCNO composite were computed using the 
DMol3 module. Based on electrochemical analyses and operando spec
troscopic results, under anodic potentials the OMTF process is 

Fig. 4. (a) Acid-base equilibrium and (b) electrostatic potential of metformin. (c) Speciation of Cu2+-MTF complexes in the presence of 5 × 10− 4 M MTF and 1 M 
total Cu(II). (d) LUMO and HOMO of metformin, (e) HOMO of Cu2+(C4H11N5) and Cu+(C4H10N5OH) (isosurface value = 0.03 electron/Å). (f) Optimal structures of 
CuBTC(C4H11N5) and CuBTC(C4H10N5OH), and (g) CuBTC(C4H11N5)2 and CuBTC(C4H10N5OH)2. Energy difference of MTF and MTFOH adsorption on CuO and Cu2O 
sites, respectively, in forms of (h) mono-complex and (i) double complex.
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catalytically mediated by a CuO/Cu2O transition, which participates the 
multiple electron-proton transfer of MTF oxidation. The energy states of 
*MTF and its intermediate *MTFOH adsorbed on the corresponding 
oxide surface, CuO and Cu2O, in (1 1 1) system (Fig. S6), are computed. 
The pH-dependent voltammetric responses shown in Fig. 3i suggested 
that the binding configurations of both monomeric and dimeric bigua
nide species significantly influenced the strength of MTF adsorption 
onto Cu oxides. Fig. 4h and i summarize the calculated free energies of 
adsorbed *MTF species, which predict the energetic stability of mono
meric and dimeric forms at OMTF step. Notably, the oxidation of dimeric 
*MTF to *MTFOH proceeds through an uphill transition during CuO-to- 
Cu2O recrystallization, in contrast to the monomeric forms. This result 
implies that oxidation in the dimeric coordination may be relatively 
reversible at higher pH conditions. Moreover, the high energy barrier 
associated with desorption of doubly chelated C4H10N5OH into the 
aqueous solution underscores the strong surface interaction and high 
selectivity of CuCNO for MTF detection.

Fig. 5a and b presents the operando Raman spectra of CuBTC/PVP 
and CuCNO(400) electrodes in the presence of 10 mM MTF at increasing 
potentials. The disappearance of Cu2+ signals in CuBTC above +0.7 V is 
attributed to anodization, coinciding with the onset of MTF oxidation. In 
the meantime, N–H deformation near 650 and 780 cm− 1, along with 
saturated amine vibrations at 950 cm− 1, verifies the adsorption of MTF 
and its hydrolyzed intermediates [49]. On CuCNO(400), the Eg mode of 
Cu2O at around 590 cm− 1 persists between +0.1 V and +0.7 V. Beyond 
+0.8 V, the emergence of characteristic vibrations at 380, 507, 583 
cm− 1 corresponds to the formation of the Cu4O3 phase, a mixed-valence 
Cu2O–CuO composite [50]. This spectral evolution aligns with voltam
metry findings, which support the partial oxidation of Cu2O to CuO 
during MTF catalytic oxidation.

Notably, the OMTF peak shifts with increasing MTF concentrations, as 
shown in Fig. 3e and Fig. S2, which can be attributed to electrode ki
netics. The Faradaic current is often limited by diffusion, in which the 
redox rate depends on how rapidly MTF molecules reach active sites 
from bulk solution. For an irreversible or quasi-reversible electron 
transfer processes, however, high potentials are required to fully 
polarize the electrode surface at elevated concentrations, as the system 
becomes less influenced by the activation rate [51]. To diagnose the 

diffusion-controlled kinetics of the OMTF step, the redox behavior is 
analyzed using Nernst’s model, which predicts a linear dependence of 
the peak potential on v1/2 [52]. 

Ep =E0ʹ
−

RT
αnF

[

0.78+ ln

(
D1/2

MTF

k0

)

+ ln
(

αnF
RT

)1/2

v1/2

]

(7a) 

Given α = 0.0477
|Ep − Ep/2|

, the heterogeneous electron transfer rate constant 

(k0) is simplified as: 

k0 =2.415 exp
[

− 0.02
F

RT

]

D1/2
MTF
(
Ep − Ep/2

)− 1/2v1/2 (7b) 

or at 298 K: 

k0 =1.11D1/2
MTF
(
Ep − Ep/2

)− 1/2v1/2 (7c) 

Voltammetry data of MTF (Fig. S7) at varying scan rates reveal that 
OMTF peaks scale with v1/2, as shown in Fig. 5c. The linear regression 
slope is used to determine k0 values, which follow the order: CuCNO 
(400) (0.047 cm s-1) > CuBTC/PVP (0.034 cm s-1) > CuCNO(700) 
(0.022 cm s-1). Cu2O, formed at 400 ◦C, is the most active phase for 
direct electron transfer reactions. To assess the charge transfer effi
ciency, the impedance spectroscopy of MTF oxidation was performed at 
+1.0 V (vs. RHE, [MTF] = 10 mM). Nyquist plots in Fig. 5d are fitted 
using the inset equivalent circuit, which consists of a charge transfer 
resistance (RCT) in parallel with an electrical capacitance (Cdl) or a 
constant phase element (CPE), and an electrolyte resistant (RS) in series. 
The extracted RCT values rank as follows: CuCNO(400) (82 Ω) < CuCNO 
(700) (221 Ω) < CuBTC/PVP (298 Ω). (The detailed EIS parameters are 
provided in Table S2.) RCT refers to the resistance encountered at Cu 
sites during the MTF redox process. As summarized in Fig. 5e, the in
verse relationship between the rate constant k0 and RCT indicates the 
superior electron transfer kinetics of CuCNO(400). EPR spectroscopy 
ascertains the presence of surface oxygen vacancies. As illustrated in 
Fig. 5f, EPR signal is absent on CuBTC/PVP. In contrast, oxygen va
cancies (OV) are identified on CuCNO materials with a g-value of 1.998 
due to unpaired electrons trapped at these defects. CuCNO(400) presents 
the most intense OV signals [53],consistent with the elevated Oads 

Fig. 5. Operando Raman spectroscopy of (a) CuBTC/PVP and (b) CuCNO(400) during scanning anode potentials in the presence of MTF (0.1 M PBS, pH 10). (c) OMTF 
peak potential in (Ep – Ep/2)1/2 as affected by square root of scan rate (0.5 mM MTF, 0.1 M phosphate buffer). (d) Impedance analysis at +1.0 V (vs. RHE), and (e) rate 
constants and charge transfer resistances of different CuCNO electrodes. (f) EPR analysis in the region of oxygen vacancy.
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content in the O 1s XPS spectra (Fig. 2g). Pyrolysis at 400 ◦C, according 
to XRD analysis, results in the formation of Cu2O phase developed from 
metallic Cu (Fig. 2a). The presence of Cu(0)/Cu(I) mixed-valence state 
enriches oxygen defects in the CNO structure, which improves electron 
mobility and thereby increases catalytic activity for MTF oxidation, as 
corroborated in both impedance and heterogeneous rate analyses [54]. 
Recrystallization into CuO with a more ordered lattice occurs at higher 
temperature, eliminating OV defects, as evident in CuCNO(700).

3.3. Electrochemical sensing of metformin

To minimize interference from capacitive currents and enhance 
sensitivity for trace pollutant detection, MTF analysis was performed 
using differential pulse voltammetry (DPV). Fig. 6a–c displays the DPV 
curves of CuBTC/PVP, CuCNO(400), and CuCNO(700) electrodes in 0.1 
M phosphate buffer (pH 10) with increasing MTF concentrations 
(0.5–300 μg L− 1). The OMTF peak currents (Ip) are recorded at lower 
potentials on CuCNO(400) (+0.85 V) compared to CuBTC/PVP (+0.92 
V) and CuCNO(700) (+0.97 V). Plots of IP versus MTF molarity exhibit 
two linear ranges: 0.5–50 μg L− 1 (low) and 50–300 μg L− 1 (high), as 
shown in Fig. 6d and e, respectively. In dynamic potential analysis (CV 
or DPV modes), charge transfer efficiency increases at low analyte 

concentrations due to the greater availability of active sites for redox 
reactions. Therefore, the enhanced ECSA utilization improves current 
selectivity concerning concentration changes, as well as the limit of 
detection (LOD). The slope of IP vs. [MTF] for CuCNO(400) is 0.793 μA L 
μg− 1 (or 102 μA μM− 1, R2 = 0.997), surpassing CuBTC/PVP (0.175 μA L 
μg− 1, R2 = 0.993) and CuCNO(700) (0.367 μA L μg− 1, R2 = 0.994). The 
LOD and limit of quantification (LOQ), calculated using LOD = 3σ

m and 
LOQ = 10σ

m [55], where σ is the standard deviation of capacitive currents 
at OMTF (1.45 × 10− 8 A for 10 replicates) and m is the sensitivity (μA L 
μg− 1), are determined to be 0.054 μg L− 1 and 0.183 μg L− 1, respectively. 
Fig. 6f gathers the sensitivities of electrochemical MTF sensing across 
different CuCNO electrodes. Both calibration slopes for low and high 
MTF levels are maximized with CuCNO(400). This result confirms that 
Cu(I) nanoparticles embedded in mesoporous carbon matrix is of benefit 
to sensing sensitivity. Cu oxide aggregation at high temperatures (e.g., 
CuCNO(700)) reduces the number of accessible active sites, leading to 
diminished redox response.

To assess the practical applicability of CuCNO(400) electrode, MTF 
detection was conducted in various real water samples collected from 
Kaohsiung City, Taiwan, including Chengcing Lake water (CCL), Love 
River water (LR), and wastewater treatment plant effluent (WWTP). The 
chemical compositions of these samples are listed in Table S3, with 

Fig. 6. DPV analyses of (a) CuBTC/PVP, (b) CuCNO(400), and (c) CuCNO(700), and corresponding linearity of peak current versus MTF molarity in the range of (d) 
0.5–50 μg L− 1 and (e) 50–300 μg L− 1. (f) Sensitivity of CuCNO electrodes as a function of pyrolysis temperatures. Peak currents versus MTF molarity in the range of 
(g) 0.5–50 μg L− 1 and (h) 50–300 μg L− 1 in different water samples (CCL: Chengcing Lake water; LR: Love River water; WWTP: wastewater treatment plant effluent). 
(i) CV of CuCNO(400) in real-world waters.
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corresponding DPV analyses presented in Fig. S8. At low MTF concen
trations, the CuCNO(400) electrode maintains high sensitivity in lake 
water (0.741 μA L μg− 1) and wastewater effluent (0.672 μA L μg− 1), but 
a moderate decrease is observed in river water (0.498 μA L μg− 1) 
(Fig. 6g). In contrast, at higher concentrations, water matrix effects are 
negligible, with an average sensitivity of 0.24 μA L μg− 1, comparable to 
0.279 μA L μg− 1 in 0.1 M phosphate buffer (Fig. 6h). These variations are 
attributed to differences in ionic strength, with river water exhibiting 
the highest value of 0.68 eq L− 1 (classifying it as a brackish water). 
Increased salinity, primarily due to the high chloride ion concentration, 
contributes to competitive adsorption at Cu sites, thereby hindering 
MTF binding and lowering surface reactivity. Fig. 6i illustrates the CV 
profiles of 1 mM MTF in different water samples. The Faradaic currents 
associated with OMTF remain largely unchanged, indicating that back
ground electrolytes introduce insignificant side reactions. However, the 
OMTF peak resolution may be compromised, as the overpotential 
required for concurrent water splitting decreases at high salinity 
conditions.

A comprehensive summary of electrochemical methods for metfor
min quantification is provided in Table S4. Earlier approaches relied on 
soluble Cu2+ in acetate buffers to form Cu2+-biguanide complexes, 
which were electrochemically detectable on various carbon materials 
[56–59] and metal oxides, [60,61]. However, the use of copper salts or 
complexes may contaminate the target samples, raising environmental 
concerns due to the potential generation of copper-containing waste
water. Group XI metals – including Cu, Ag, and Au – have been explored 
for MTF sensing [8,62–64]. These coinage metals possess partially filled 
d-orbitals, functioning as Lewis acid centers for chelation and oxidation 

of MTF via metal-ligand charge transfer mechanisms. More recently, to 
improve stability and mitigate dissolution issues, metal organic frame
works have been used to immobilize Cu2+ within crystalline architec
tures. Trimesic acid-based Cu-MOFs, when integrated with modifiers 
such as g-C3N4 [65], CNTs [66], or Nafion [67], can homogenize MOF 
particles and show better electrochemical responsiveness. In this study, 
pyrolysis of CuBTC/PVP proves to modulate the dispersion and elec
trochemical surface area of the resulting mesoporous metal-carbon 
composites, boosting the current response for MTF detection, espe
cially in real-world waters.

The sensing reproducibility of the CuCNO(400) electrode was eval
uated through 15 independent DPV measurements (n = 15, MTF = 2–10 
μg L− 1). The mean recovery (P) determined was used to calculate the 
standard deviation (sd for sample data) and establish the upper and 
lower warning limits (P ± 2sd) as well as the upper and lower control 
limits (P ± 3sd) for a quality control analysis [68]. Detailed calculations 
are provided in Table S5–S8. Fig. 7a exemplifies the control chart for 
quality assurance of DPV detection in river water, showing an average P 
of 99.2 % with a sd of 7.7 %. Comparable results are obtained in tap 
water (P = 100.1 %, sd = 6 %), lake water (P = 100.4 %, sd = 6.85 %), 
and wastewater treatment effluent (P = 101.8 %, sd = 6.65 %), as shown 
in Fig. S9a–S9c. The broader recovery corridor observed in river water 
around the centerline suggests greater scattered detection data. Never
theless, all analytical values fall within defined UWL and LWL in real 
water samples, affirming the reliability and acceptable accuracy of 
metformin quantification. For comparison, the laboratory chromatog
raphy analysis (HPLC) yielded an average metformin recovery of 102 % 

Fig. 7. (a) Quality control chart using CuCNO(400) for MTF detection in river water (n = 15, 2–10 μg L− 1). (b) MTF quantification with chronoamperometry mode, 
(c) as affected by different interference chemicals (+1.0 V vs. RHE). (d) Effect of voltammetry scans on MTF oxidation using CuCNO(400) electrode (MTF = 1 mM, v 
= 50 mV s− 1). (e) XPS at Cu 2p orbital, (f) SEM image, and (g) elemental mappings of the used CuCNO(400) electrode.
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with a standard deviation of 8.95 % (Fig. S8d). Chronoamperometry was 
performed by successive additions of trace MTF at +1.0 V (vs. RHE), as 
shown in Fig. 7b. The staircase-shaped current increments confirms the 
catalytic response of electrodes to rising MTF concentration, with a 
sensitivity of 0.248 μA L μg− 1 on CuCNO(400), approximately three 
times higher than that of CuBTC/PVP (0.077 μA L μg− 1). The selectivity 
tests are further assessed on CuCNO(400) toward MTF (+1.0 V vs. RHE) 
through stepwise additions of inorganic salts (1 mM (NH4)2SO4, Na2SO4, 
NaCl, NaNO3, and NaClO4) and organic compounds (100 μg L− 1 

caffeine, ibuprofen, urea, lysine, serine, and acetaminophen), as shown 
in Fig. 7c. The presence of common anions (SO4

2− , Cl− , NO3
− , and ClO4

− ) 
at millimolar levels does not obviously affect the current response. 
Conversely, organic substances, which frequently coexist with phar
maceuticals in wastewater, also exhibit minimal interference – except 
for acetaminophen (APAP). Due to its reversible redox reactions near 
+0.6 V on carbonaceous materials [69], varied APAP quantities may 
cause transient current fluctuations at high potentials, impacting MTF 
calibration. Fig. 7d displays the repetitive voltammetric scans in 1 mM 
MTF using CuCNO(400) electrode. After an initial stabilization within 
the first 10 scans, the OMTF peak current remains consistent at around 
1.2 mA cm− 2, with a standard deviation of less than 5 %, over 100–5000 
scans, confirming the sensor’s durability and long-term stability. 
Post-electrolysis characterization indicates partial metal passivation, 
evidenced by an increase in the CuIIO phase (Cu 2p) from 20 % in the 
pristine electrode (Fig. 2g and Fig. S1) to 63 % after voltammetric 
cycling (Fig. 7e). This shift is accompanied by an increase in atomic ratio 
of O and noticeable growth in Cu clusters after electrolysis cycles, 
whereas the 3-D octahedral morphology of the carbon substrate remains 
intact (Fig. 7f). Elemental mappings in Fig. 7g reveal localized oxygen 
accumulation around CuO aggregates, distributed throughout the used 
CNO structure. These findings suggest that, although moderate Cu 
corrosion occurs due to prolonged electron transfer, the structural 
integrity and functionality of the composite electrode remain well pre
served. Moreover, the change in the atomic ratio of total Cu in the used 
CuCNO(400) is insignificant compared to that of the original sample 
(Fig. 1a–b), indicating its minimal impact on both toxicity and effluent 
quality.

4. Conclusions

A Cu–N-enriched carbon composite was synthesized from the metal- 
organic framework, CuBTC/PVP, for electrochemical metformin quan
tification. During pyrolysis, Cu2+ nodes recrystallized into well- 
dispersed Cu clusters embedded within a mesoporous carbon nano
octahedral architecture (CuCNO). Electrochemical analysis confirmed 
that the effective area, optimized in CuCNO(400), positively correlated 
with MTF sensing current density. In situ Raman spectroscopy revealed 
that MTF oxidation was mediated by Cu(II)/Cu(I) redox couple at +1.0 
V. Free energy computations suggested a two-electron transfer mecha
nism, with oxidation of the biguanide amino (=NH) group to hydrox
ylamine (-NOH). Under alkaline conditions, MTF formed stable 
bidentate chelates with Cu2O sites, further increasing Faradaic response. 
DPV mode achieved a sensitivity of 0.793 μA L μg− 1 with a detection 
limit of 0.054 μg L− 1, demonstrating excellent analytical recovery and 
reproducibility. MTF quantification was validated in complex matrices 
containing common interfering chemicals and real-world water samples. 
The 3D copper-carbon composite in CuCNO electrode exhibited robust 
long-term stability and accuracy comparable to the conventional chro
matography method for environmental monitoring.
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