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A B S T R A C T

This study presents an end-to-end approach for recycling hazardous waste heavy-metal-loaded adsorbents into 
electrode materials for electrochemical energy storage. Using reduced graphene oxide (rGO) and Ti₃C₂Tₓ MXene 
as adsorbents for Hg²⁺, Cu²⁺, and Pb²⁺ from model wastewater solutions, we demonstrate their successful 
transformation into redox-active electrodes without any additional treatment. The recycled electrodes present 
superior capacity as compared to their pristine counterparts, while introducing distinct reversible redox features. 
Ultimately, the different recycled materials were assembled in full cell configurations, combining different metal- 
loaded adsorbents, yielding synergistic redox plateaus and an up to 50 % enhancement in the initial energy 
storage capacity, depending on the metal pair and electrolyte used. The versatility of this recycling strategy was 
demonstrated across three aqueous electrolytes, including a water-in-salt electrolyte, revealing tunable redox 
behavior dependent on both metal and electrolyte characteristics. Furthermore, using a more complex model 
wastewater solution, containing two different metal cations, leads to a multi-contaminant adsorbent that exhibits 
additive electrochemical responses, thereby establishing proof-of-concept for the reuse of real-world wastewater 
adsorbents into energy storage devices.

Introduction

Heavy metal contamination of water resources is a significant global 
environmental issue, as toxic metals such as mercury (Hg), lead (Pb), 
and copper (Cu) are well-known to bioaccumulate, posing severe risks to 
both ecosystems and human health [1]. Among various remediation 
technologies, adsorption is widely applied as a practical and efficient 
method for removing heavy metal ions from wastewater solutions due to 
its simplicity, cost-effectiveness, and high removal efficiency [2]. A 
range of adsorbent materials, from conventional activated carbons to 
advanced nanomaterials, have been explored for this purpose. In 
particular, nanoscale carbon-based materials such as reduced graphene 
oxide (rGO) and two-dimensional transition metal carbides (MXenes) 
show great performance in capturing heavy metals, due to their high 
specific surface area and tunable surface chemistries [3–5].

Once saturated with toxic metal cations, the spent adsorbents 
themselves become hazardous waste requiring careful handling. Unlike 

organic pollutants, heavy metals cannot be degraded and remain 
immobilized on the sorbent, raising concerns of secondary pollution if 
these materials are simply discarded. This challenge has motivated 
research into strategies for regenerating or repurposing spent adsorbents 
to “close the loop” on the remediation process [6–9].

One attractive approach is to recycle heavy metal-loaded adsorbents 
by converting them into functional electrode materials for electro
chemical energy storage. We recently demonstrated that an rGO-based 
adsorbent saturated with mercury from wastewater can be directly 
repurposed as a highly performant electrode for electrochemical ca
pacitors [10]. In that study, a three-dimensional rGO foam was used to 
adsorb >95 % of Hg²⁺ ions from a model polluted water, achieving an 
average loading of ca. 240 mg of Hg per g of rGO, among the highest 
adsorption capacities reported. The resulting mercury-loaded rGO 
(denoted rGO/Hgads) exhibited distinct redox activity associated with 
Hg species and delivered a ~15 % higher charge-storage capacity as 
compared to pristine rGO. Likewise, other high-surface conductive 
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adsorbents, such as MXenes, could be recycled similarly once loaded 
with heavy metals.

The most widely studied MXene, Ti3C2Tx, has been used in both 
wastewater treatment and energy storage domains, due to its high 
adsorption efficiency and electrochemical redox activity. Their abun
dant, synthesis-dependent, polar surface terminations result in a hy
drophilic, negatively charged surface with numerous active sites for 
binding heavy metal cations via electrostatic interaction, surface 
complexation, or ion-exchange mechanisms [11]. Likewise, these sur
face groups serve as redox-active sites in energy storage. Pseudocapa
citive charge storage has been reported from oxygen-terminated MXene 
electrodes, which readily bond with electrolyte ions, in contrast to 
less-active fluorine-terminated surfaces. For instance, Ti3C2T2 MXene 
electrodes inherently provide around 200 F⋅g− 1 via pseudocapacitive 
ion intercalation, while post-synthesis replacement of -F with -O was 
shown to boost its capacitance ca. 2.5-fold by enhancing wettability and 
creating additional proton-binding sites [12,13]. Notably, hybrid de
vices that combine Faradaic and double-layer charge storage can exceed 
these values by benefiting from the redox activity of both the MXene 
structure and the embedded metal species [14].

To put into perspective, traditional activated carbon (AC) electrodes 
typically deliver on the order of 150 F⋅g− 1 in aqueous electrolytes [15]. 
Graphene-derived carbons, such as rGO, can achieve significantly higher 
values, often a few hundred F⋅g− 1 when optimized [16]. Hydrothermally 
prepared rGO hydrogels, used as binder-free symmetric supercapacitor 
electrodes, delivered 268 F⋅g− 1 at 0.3 A⋅g− 1 and retained 222 F⋅g− 1 at 10 
A⋅g− 1 in 6 M KOH [17]. The choice of electrolyte is also essential for 
exploring and eventually optimizing the electrochemistry. A conven
tional acidic electrolyte, such as 1 M H₂SO₄, offers high ionic conduc
tivity and proton-mediated redox enhancement, but limits the useful 
potentials from 0 V to 1.23 V vs. SHE, due to water electrolysis and hence 
a narrow electrochemical stability window (ESW). In contrast, the use of 
a “water-in-salt electrolyte” (WiSE) can dramatically expand the ESW 
well above 2 V, enabling higher energy density [18]. Moreover, the pH 
and the electrolyte composition can be tailored to match the chemistry 
of the adsorbed cation(s).

In this work, adsorbents containing different heavy metal cations 
were systematically explored as recycled electrodes and combined with 
different electrolytes, aiming to optimize capacity, potential range, and 
cycling stability of an electrochemical full cell. A step closer to meeting 
practical application requirements was taken with the design of this 
tunable full cell, all while ensuring the approach remains viable for real- 
world wastewater solutions/streams and cation contaminations.

Results and discussion

Electrochemical energy storage

rGO and the MXene Ti3C2Tx were initially tested as adsorbents for 
wastewater contaminants. Given the current literature for heavy metal 
removal, as well as the expected redox potentials for each of the heavy 
metals, the MXene was selected for Cu2+ cation adsorption, and rGO for 
all three Hg2+, Pb2+, and Cu2+ cations [19]. Solutions containing 300 
mg⋅L− 1 of either Hg2+, Cu2+, or Pb2+ cations were used as artificial 
wastewater to evaluate the adsorption performance using a constant 
dose of 100 mg⋅L− 1 at pH 5.5, and the results (Table S1) are in agree
ment with the literature [3,5,10]. The high adsorption capacity of rGO, 
particularly towards mercury cations – reaching almost 40 wt. % – 
demonstrates its potential use as an efficient adsorbent as well as the 
importance of recycling this hazardous material at its end-of-life.

The metal-loaded adsorbents were recovered after being saturated, 
then filtered and lyophilized to preserve their microporosity for reuse 
[10]. The elemental composition was investigated using 
energy-dispersive X-ray spectroscopy (EDX) analysis (Table S2) coupled 
with a scanning electron microscope (SEM). The SEM micrographs of 
pristine rGO and Ti3C2Tx reveal very porous microstructures, with the 

former being mostly amorphous and the latter being layered (Fig. S1). 
No changes were observed in the overall microstructure of any of the 
materials after adsorption, demonstrating that the recovery method was 
effective in maintaining porosity.

The 40 wt. % oxygen content measured by EDX for Ti3C2Tx was 
indicative of its high oxygen-containing functional surface groups, 
typical of the MILD synthesis method [20]. Usually, the more oxygen
ated the surface of the MXene, the stronger its affinity for metal ions. 
Hydroxyl and carboxyl groups are known for trapping heavy metal 
cations in “potential wells” by coordination to their deprotonated form. 
In contrast, more inert fluorine terminations tend to lower the adsorp
tion capacity [11]. In the case of rGO, its partially reduced structure 
leads to oxygenated functional groups, which reach 36 wt. % for the 
pristine adsorbent [10]. The presence of these groups has been 
demonstrated to translate into two uptake mechanisms for rGO [21,22]. 
First, a rapid inner-sphere chemisorption at deprotonated hydroxyl and 
carboxyl sites occurs. As these higher-energy sites fill, weaker electro
static interactions with raphemic domains increasingly contribute to the 
overall capture. Consistently, batch data follow a Freundlich isotherm 
(1/n ≈ 0.2) and fast Elovich kinetics, evidencing a heterogeneous energy 
landscape that enables high capacities in the order of hundreds of 
mg⋅g− 1 for this material [23].

Self-standing electrodes were made using the recycled adsorbents, 
and subsequently, these were electrochemically studied using Swagelok 
cells.

The cyclic voltammetry using a 1 M H2SO4 electrolyte shows 
capacitive behavior for the pristine rGO, combined with some pseudo
capacitance for pristine Ti3C2Tx derived from termination groups’ redox 
reactions, resulting in a mostly rectangular shapes with no prominent 
peaks (Fig. 1a) [24]. Upon adsorption of specific heavy metals by the 
electrodes, the rGO/Hgads shows reversible redox peaks at 0.62 V vs. 
SHE, rGO/Cuads presents a pair of peaks at 0.18 V vs. SHE (Fig. 1b and c, 
respectively), while Ti3C2Tx/Cuads shows a similar pair of redox peaks at 
0.20 V vs. SHE (Fig. 1d). Upon cycling, the redox peaks decrease in in
tensity, leading to capacity fading and ultimately a mainly non-faradaic 
response. rGO/Pbads and Ti3C2Tx/Pbads were also tested in the same 
electrolyte, however, no redox activity was evidenced within this ESW 
(Fig. S2). That is due to the Pb2+/Pb(s) redox couple occurring in more 
negative potentials than the expected stability for water at pH 0, 
meaning that accessing this couple would coincide with H₂ evolution 
[25].

The electrochemical behavior corresponds to the Pourbaix diagram 
potentials of the redox reactions of the adsorbed cationic species at pH 0: 

Hg2+ + e− ⇌ Hg+ Ered
◦ = 0.61 V vs. SHE 25                      (Reaction 1)

Cu2+ + e− ⇌ Cu+ Ered
◦ = 0.17 V vs. SHE 25                      (Reaction 2)

The expected potential for both reactions is from the divalent cation 
to the monovalent cation, with no metallic forms present. Hence, 
dissolution of cations upon cycling could explain the capacity fading, 
leading us to explore how to improve the cyclability by tuning the 
electrolyte ionicity (see below).

The added faradaic redox activity not only enriches the electro
chemistry but also contributes to the total electrode capacity, especially 
as the electrochemical double layer capacitance (EDLC) is maintained. 
Pristine rGO presents a maximum anodic cycling capacity of 185 C⋅g− 1, 
while Ti3C2Tx has a capacity of 110 C⋅g− 1 due to its narrower ESW 
(Fig. S3). The presence of Hg2+ in rGO/Hgads increases the initial ca
pacity up to 215 C⋅g− 1, while Cu2+ cations in rGO/Cuads raise the ca
pacity up to 202 C⋅g− 1. The same trend is observed for Ti3C2Tx/Cuads, 
with a capacity of 120 C⋅g− 1.

Considering that the electrode mass is normalized by the mass of 
total active material, the adsorbed metals account as dead weight for the 
EDLC capacity contribution. Hence, upon metal loss, the capacities, 
mostly non-faradaic, are smaller than expected for the pristine and pure 
adsorbents. Taking that into account, and the measured adsorbed mass 
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of each cation (Table S2), the faradaic capacity of rGO/Hgads corre
sponds to a one-electron exchange of 54 % of its adsorbed Hg2+ cations, 
while for Ti3C2Tx/Cuads it is of 23 % of its adsorbed Cu2+cations, the 
same as for rGO/Cuads (Table S3). This means that a considerable 
portion of the adsorbed cations is not contributing to the redox activity.

The interest in being able to adsorb different cations by various ad
sorbents goes beyond the electrode capacity increase. By selectively 
screening specific adsorbents coming from cleaning different sources of 
wastewater, full cells can be assembled by using the diversity of redox 
potentials provided. Following this logic, a device was assembled using 
rGO/Hgads as the positive (working) electrode (WE) and Ti3C2Tx/Cuads 
as the negative (counter) electrode (CE), together with a reference 
electrode (RE) of Hg/HgSO4 in saturated K2SO4, enabling us to monitor 
the potentials of these electrodes, and benchmarked using analogous 
cells using pristine adsorbents (Fig. 2).

The potentials of both electrodes made of pristine adsorbents present 
a mostly linear variation with the current density (applied with respect 
to the active mass of the lighter electrode) (Fig. 2a). The respective full 
cell voltage also shows a linear variation with the current density up to 1 
V (Fig. 2b). For the electrodes containing adsorbed cations, there are 
more features. A plateau is present at 0.6 V vs. SHE for the rGO/Hgads 
electrode and at 0.2 V vs. SHE for the Ti3C2Tx/Cuads electrode, con
firming the presence of both metal cations’ redox reactions in the same 
cell. The full cell voltage was also incremented with a plateau corre
sponding to the occurrence of the redox reactions, increasing the ca
pacity of the full cell up to 20 % as compared to the device using pristine 
absorbents as electrodes.

The smaller total capacity of the MXene-derived electrode as 
compared to the rGO electrode derives from the need to use a much 
higher electrode mass on the negative electrode to balance the cell 

capacity. This could hinder the exploration of different metal redox re
actions, due to the limited potential window, even though MXenes can 
be great adsorbents and redox materials precursors themselves [26–29]. 
To overcome this issue, the same type of adsorbent was used in both 
positive and negative electrodes, while adsorbing different metals. rGO 
is able to adsorb almost twice as much Cu2+cations as Ti3C2Tx, reaching 
>8 wt. %, and was tested as anode in a full cell vs. a rGO/Hgads cathode 
(Fig. 2c and d).

Here, the potential plateau for the rGO/Hgads redox reaction is 
clearly observed, as well as for copper. The use of the same base mate
rial, with the same capacitance, in both positive and negative electrodes 
allows for a more symmetric distribution of the capacity, as evidenced 
by the dashed blue lines. On the other hand, the higher capacity pro
vided by the rGO/Hgads ended up limiting the potential window for 
rGO/Cuads, even though the capacities overall are higher than for 
Ti3C2Tx/Cuads (Table S3). The influence of the adsorbed cations is 
evident by the presence of a plateau in the cell voltage as well, which 
initially increased the cell capacity from 108 to 168 C⋅g− 1 – about 50 % – 
at 100 mA⋅g− 1 (Fig. 2d).

To further explore other adsorbed metal cations in rGO, such as Pb2+

cations, different electrolytes were investigated to increase the ESW. 
More specifically, we employed 20 m potassium acetate (Kac), a water- 
in-salt electrolyte (WiSE) providing an ESW of 1.6 V for rGO (Fig. 3).

The cyclic voltammetry using the 20 m Kac WiSE favors the explo
ration of redox reactions beyond the usual water stability range. Pristine 
rGO, as expected, presents a mostly rectangular shape voltammogram, 
typical of EDLC behavior, reaching an anodic capacity of 360 C⋅g− 1 due 
to the enlarged potential window (Fig. 3a). The mercury oxidation re
action for the rGO/Hgads electrode is a very sharp peak at 0.3 V vs. SHE, 
while its reduction is more likely spread over a range of potentials from 

Fig. 1. Cyclic voltammetry at 1 mV⋅s− 1 in 1 M H2SO4 of: a) pristine rGO (blue) and Ti3C2Tx (black), b) rGO/Hgads, c) rGO/Cuads, and d) Ti3C2Tx/Cuads.
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0.2 to − 0.1 V vs. SHE (Fig. 3b). For the rGO/Cuads electrode, the copper 
redox reactions are still present, now shifted towards lower potentials, 
− 0.1 V vs. SHE, due to the more alkaline character of the electrolyte, but 
still with well-defined peaks (Fig. 3c). The wider voltage range also 
allowed detection of the redox reaction of lead in rGO/Pbads, with the 
appearance of a modest redox pair at − 0.55 V vs. SHE (Fig. 3d). The 
supposed electrochemical reactions at pH 9 are as follows: 

Hg(OH)2 + 2e− ⇌ Hg0
(aq) Ered

◦ = 0.61 V vs. SHE 25            (Reaction 3)

Cu(OH)2 + e− ⇌ Cu+ Ered
◦ = 0.05 V vs. SHE 25                 (Reaction 4)

Cu+ + e− ⇌ Cu0 Ered
◦ = − 0.09 V vs. SHE 25                      (Reaction 5)

PbOH+ + 2e− ⇌ Pb0 Ered
◦ = − 0.55 V vs. SHE 25               (Reaction 6)

The shoulder on the oxidation peak of lead could relate to a two-step 
electron transfer reaction up to its divalent form. To take advantage of 
the difference in potential between lead and mercury redox reactions, a 
full cell configuration was explored using rGO/Hgads as the positive 
electrode and rGO/Pbads as the negative electrode, and a constant 
cycling current of 100 mA⋅g− 1 (Fig. 4), again benchmarked using the 
same set-up and conditions but with pristine rGO electrodes.

The positive WE shows a slightly higher capacitance and hence ca
pacity as compared to when using the acidic electrolyte, but in addition, 
the overall mass distribution is quite symmetric. The cell discharge ca
pacity in the case of pristine adsorbents was 55 C⋅g− 1, normalized by the 
mass of both electrodes. For the metal-loaded adsorbents, clear potential 
plateaus can be seen for each electrode (Fig. 4a), corresponding to the 

redox reactions seen in the cyclic voltammograms and initially 
increasing the discharge capacity from 52 to 68 C⋅g− 1, with a voltage 
plateau at 0.75 V.

The key to exploring the most performant out of the recycled ad
sorbents is electrolyte choice and electrode engineering. The direct 
repurposing of the recovered powder into electrodes is basically a zero- 
energy input process, drastically increasing the importance of the right 
choice of electrolyte – and finally, we present an attempt to enhance the 
cyclability using a 2 M sodium carbonate (Na2CO3) electrolyte (Fig. 5).

A wide voltage window of 1.5 V was chosen to encompass the redox 
potentials of all the cations, but admittedly, the hydrogen and oxygen 
gas evolution reactions were already present within the lower and upper 
potential limits (Fig. 5a). The mercury redox reaction is present at 0.3 V 
vs. SHE as very broad peaks with low intensity, related to Reaction 3, but 
shifted as we are now at pH 11. Similarly, rGO/Cuads presents the redox 
pair related to Reaction 5, still with very broad and intense peaks. 
Finally, rGO/Pbads shows very intense and sharp redox peaks at – 0.6 V 
vs. SHE: 

Pb(OH)3
− + 2e− ⇌ Pb0 Ered

◦ = − 0.60 V vs. SHE 25             (Reaction 7)

The presence of these sharp peaks also increased the cycling stability 
of rGO/Pbads, lasting up to 50 % until cycle 15. Once again, a split of the 
oxidation peak into two peaks at − 0.51 V vs. and − 0.48 V vs. SHE was 
observed, and hence the charge transfer must occur in two separate steps 
for the re-oxidation, while the reduction is a single broad peak. It is clear 
that the electrolyte composition plays a crucial role not only in the redox 
behavior of the adsorbed metals, but in the stability of these recycled 

Fig. 2. Galvanostatic charge and discharge (GCPL) of a full device using a 3-electrode set-up in 1 M H2SO4 with a current density of 100 mA⋅g− 1, using a reference 
electrode of Hg/HgSO4 in saturated K2SO4. The dashed lines show cells using pristine adsorbent electrodes as both anode and cathode. The solid lines show the cells 
cycled under the same conditions, using metal-loaded adsorbents. A) rGO/Hgads as the positive working electrode (WE), and Ti3C2Tx/Cuads as the negative counter 
electrode (CE), with the cell voltage shown in b). c) WE (positive) is rGO/Hgads and CE (negative) is rGO/Cuads, with the cell voltage shown in d).
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electrodes. Some of the metals tend to dissolve faster in acidic electro
lytes, while also presenting more prominent redox peaks. More 
concentrated electrolytes, on the other hand, can increase the lifespan of 
the faradaic contribution of the electrodes to tens of cycles. A significant 
advantage of these materials, however, is that they are originally 
designed for good supercapacitor behavior, and still exhibit a significant 
double-layer capacitance after prolonged cycling (Fig. S4).

Lastly, the rGO adsorbent was used in a more complex simulated 

wastewater solution containing 300 mg⋅L− 1 of two metal cations: Hg2+

and Cu2+. The higher affinity of rGO towards mercury was confirmed by 
its adsorption capacity being almost 15 times higher than that of copper: 
qeq/Hg = 388 mg⋅g− 1 vs. qeq/Cu = 26 mg⋅g− 1 (Table S1). By cycling in 
different electrolytes, the electroactivity of the adsorbed cations in rGO/ 
HgCuads was evaluated (Fig. 6).

The electrochemical response equals the sum of the EDLC contribu
tion coming from the rGO with the redox reactions of Hg2+ and Cu2+

Fig. 3. Cyclic voltammetry at 1 mV⋅s− 1 using the WiSE 20 m Kac of: a) pristine rGO, b) rGO/Hgads, c) rGO/Cuads, and d) rGO/Pbads.

Fig. 4. Galvanostatic charge and discharge (GCPL) of a full cell device using a 3-electrode set-up using the WiSE 20 m Kac and a current density of 100 mA⋅g− 1. The 
dashed lines show a cell using pristine rGO as both anode and cathode. The solid lines show one cell cycled under the same conditions, using rGO/Hgads as the 
positive WE, while the negative CE was rGO/Pbads, and the RE was Hg/HgSO4 in saturated K2SO4.
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cations, which maintain the same peak positions. Hence, more complex 
wastewater solutions can be applied to synergistically contribute to the 
final electrochemical response, paving the way towards realistic direct 
recycling of wastewater adsorbents.

Experimental

Adsorption experiments

Isothermal adsorption
A stock solution of 1000 mg⋅L− 1 of Hg2+ cations was prepared by 

dissolving the appropriate mass of mercury nitrate (Hg(NO₃)₂⋅H₂O, pu
rity > 98 %, Thermo Scientific) in 500 mL of deionized (DI) water. The 
same method was applied to prepare standard solutions of other metal 
cations, using nitrate salts of lead (Pb(NO₃)₂, 99 %, Alfa Aesar) or copper 
(Cu(NO₃)2⋅3H₂O, 99 %, Acros Organics™). Solutions of 300 mg⋅L− 1 

were obtained by appropriate dilution with DI water. The complex so
lution containing 300 mg⋅L− 1 of both Hg2+ and Cu2+ cations was pre
pared by the appropriate mixing and dilution of the stock solutions of 
these metals. The pH was adjusted to 5.5 using 0.1 M NaOH or 0.1 M 
HNO3 when needed.

Isothermal adsorption
Adsorption tests were conducted by placing approximately 10 mg of 

dry adsorbent into 25 mL glass vials. The powder was put under vacuum 
using a Schlenk-like setup to ensure full impregnation with the adsor
bate solution. Then, 20 mL of a 300 mg⋅L− 1 heavy metal solution was 
introduced into the vial. Stir bars were added, and the mixture was kept 
under constant stirring in a temperature-controlled water bath 
overnight.

Concentration analysis
After the adsorption process, the stir bar was removed, and the 

adsorbent/wastewater suspension was vacuum-filtered through PVdF 
membranes (0.45 µm, hydrophilic, Durapore) to recover the metal- 
loaded adsorbent and to determine the remaining metal concentration 
in solution. The filtered powder was collected and dried for electrode 
fabrication, while the filtrate was transferred to clean vials for elemental 
analysis via X-ray fluorescence (XRF). The metal content in the aqueous 
phase was quantified using a calibrated energy-dispersive XRF spec
trometer (EDXRF Epsilon 1, Malvern PANalytical). The residual con
centration and adsorption capacity were calculated relative to a blank 
control, where the same procedure – vacuum treatment, temperature 
bath, and filtration – was conducted in the absence of adsorbent.

Synthesis procedures

Synthesis of Graphene Oxide (GO) and reduced Graphene Oxide 
(rGO). Both GO and rGO were prepared according to a previously re
ported method [10]. In brief, GO was synthesized from graphite powder 
using the improved Hummers method and stored as an aqueous sus
pension at a concentration of 1 mg mL⁻¹. A 35 mL aliquot of this sus
pension was transferred into 50 mL Teflon-lined autoclaves and 
subjected to hydrothermal treatment at 180 ◦C for 12 h. The resulting 
rGO foam was thoroughly rinsed with deionized water and subsequently 
lyophilized.

Synthesis of MXenes [20,30]. Titanium aluminum carbide 312 
(Ti₃AlC₂ MAX phase, Sigma Aldrich, purity ≥ 90 %, particle size ≤ 40 
μm) was treated overnight (~18 h) at room temperature using 9 M 
hydrochloric acid (HCl, ~37 %, Fisher Chemical), with an acid-to-MAX 
ratio of 25 mL per 1 g. This process aimed to eliminate intermetallic 
impurities and non-stoichiometric phases from the initial material. 

Fig. 5. Cyclic voltammetry at 1 mV⋅s− 1 in 2 M Na2CO3 of: a) pristine rGO, b) rGO/Hgads, c) rGO/Cuads, and d) rGO/Pbads.
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Following acid treatment, the powder was rinsed with deionized (DI) 
water, approximately 250 mL per gram of MAX, until a neutral pH was 
achieved. The product was then filtered and dried at 60 ◦C. An etching 
solution was prepared by dissolving 4.8 g of lithium fluoride (LiF, >99 
%, Honeywell Fluka) in 60 mL of 9 M HCl under continuous stirring for 5 
min. 3 g of the pre-washed MAX powder was slowly introduced to the 
etchant. This mixture was stirred continuously at room temperature for 
24 h. The acidic mixture was then subjected to three washing cycles 
using deionized water and centrifugation at 5000 rpm for 5 min per 
cycle. After each cycle, the supernatant was discarded and replaced with 
fresh DI water. The washing process was continued until the suspension 
reached a pH of approximately 5. The upper black Ti₃C₂Tₓ slurry was 
collected using a spatula, resuspended in DI water, and centrifuged 
again at 2500 rpm for 5 min. The collected supernatant was then vac
uum filtered and vacuum-dried at 80 ◦C for 24 h to obtain Ti₃C₂Tₓ 
powder.

Materials characterization

Scanning Electron Microscopy & Energy Dispersive X-ray Spectros
copy. SEM images were obtained with a Zeiss Merlin instrument at 20 
kV, and EDX analysis was conducted with an OXFORD Instruments de
vice, 50 mm² X-Max detector at an 8 mm working distance.

Electrochemistry

Electrode Preparation. Recycled adsorbent electrodes were fabri
cated using either pristine adsorbent materials (rGO or Ti₃C₂Tₓ) or ad
sorbents loaded with heavy metals (such as rGO/Hgads, Ti₃C₂Tₓ/Cuads, 
rGO/Cuads, rGO/Pbads, or rGO/HgCuads) as the active components. The 
active materials were rinsed with deionized water and freeze-dried 

overnight. For electrode preparation, the active material was mixed 
with carbon black (PUREBLACK 205–110 Carbon, Superior Graphite 
Co.) and PTFE binder (60 % w/w aqueous solution, Sigma Aldrich) in a 
weight ratio of 70:20:10. The mixture was then dispersed in ethanol and 
homogenized using a SpeedMixer (FlackTek™ 515–200 PRO) at 2500 
rpm for 3 min. The resulting paste was cold-rolled into freestanding 
films approximately 100 µm thick using a glass rod. Circular electrodes 
of 8 mm in diameter were then punched from these films.

For the thick activated carbon (AC) counter electrodes, a mixture 
was prepared using AC YP50, 10 % carbon black (PUREBLACK 205–110 
Carbon, Superior Graphite Co., Chicago, IL, USA), and 5 % PTFE binder 
(60 % w/w aqueous solution, Sigma Aldrich), all dispersed in ethanol, 
mixed at 2500 rpm and dried. A film of around 1 mm in thickness was 
opened with a glass rod, and self-supporting AC electrodes with a 12 mm 
diameter were cut from the dried material.

Cell Assembly. Swagelok-type cells were used for all electrochemical 
characterizations. For cyclic voltammetry studies, the 3-electrode setup 
included a self-standing working electrode, two glass microfiber sepa
rators (GF-D 1172–4113, Fisherbrand), and an AC counter electrode, 
with excess electrolyte, with a reference electrode (Hg/Hg₂SO₄ in sat. 
K2SO4) placed in the third aperture. For GCPL, the counter thick AC 
electrode was replaced with a self-standing adsorbent-derived electrode 
of interest. All values reported in V vs. SHE were calculated using the 
actual reference electrode potential of + 0.635 V vs. SHE.

Measurements. Cyclic voltammetry and galvanostatic charge/ 
discharge were performed using a VMP3 potentiostat (Biologic, oper
ated under ECLab software version V11.50) in an air-conditioned room 
(22 ◦C).

Fig. 6. Cyclic voltammetry at 1 mV⋅s− 1 of rGO/HgCuads in: a) 1 M H2SO4, b) 20 m Kac W, and c) 2 M Na2CO3.
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Conclusions

This study expands the concept of directly repurposing spent 
wastewater adsorbents into functional energy storage devices through 
the electrochemical behavior of various heavy metal cations in various 
electrolytes. Our findings demonstrate that the adsorption of redox- 
active heavy metals brings tunable faradaic contributions that syner
gistically merge with the pristine capacitance, improving the total 
capacities.

Beyond the initial proof-of-concept, we demonstrate how newly 
explored adsorbents and adsorbates, including Pb2+, Cu2+, and multi- 
cation combinations, such as Hg2+ and Cu2+, significantly expand the 
tunability of redox activity of recycled rGO and MXene-based electrodes, 
with the former being superior for both adsorption of Cu2+cations and as 
electrodes. Furthermore, the coupling of different adsorbed cations en
ables the tuning of the voltage plateau, and we also present the assembly 
and evaluation of full cells using recycled metal-loaded adsorbents as 
both positive and negative electrode materials.

The unique electrochemistry of each cation is also determined by the 
choice of electrolyte, influencing how effectively the redox activity can 
be used. Furthermore, the capacity fading, caused by cation dissolution, 
is also electrolyte-dependent and improved upon by multiple and quite 
different types of aqueous electrolytes, although not yet completely 
mitigated.

Overall, this study paves the way for a new class of multifunctional 
materials derived from environmental waste streams, offering both 
ecological remediation and alternative energy solutions.
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