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a b s t r a c t

Bromine, a vital industrial chemical raw material with extensive applications, faces extraction challenges

from diluted underground brine due to high energy consumption and low efficiency in conventional

methods. In this study, we introduce a CO2 activation of acid-thermal treated graphite felt (AHGF-Y) as a

highly effective negative electrode for bromine extraction, achieving remarkable efficiency exceeding 90%.

With enriched oxygen-containing functional groups introduced by CO2 activation serving as active sites,

the engineered bromine extraction electrodes demonstrates superior bromine oxidation reaction (BrOR)

under high Cl/Br ratio conditions. Coupled with hydrogen production, in electrolyte with a Cl/Br ratio

of 38, AHGF-Y operated at a low overpotential and achieved remarkable bromine extraction efficiency

(94%), with minimal energy consumption (1.61 kJ/g). Notably, when applied to underground brine with

high Cl/Br ratio of 255 and multiple interfering ions, AHGF-Y maintained extraction efficiency of 95.5 %,

significantly outperforming other reported works. Furthermore, AHGF-Y achieved an near-unity Faradaic

efficiency (F.E.) of up to 99.7 % in a scale-up hydrogen-bromine flow cell (HBFC), enabling simultaneous

bromine extraction and hydrogen production. These results highlighted the potential of AHGF-Y as a sus-

tainable and efficient material for large-scale bromine extraction from underground brine.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As a crucial and irreplaceable chemical precursor, bromine

serves as a key chemical raw material widely utilized in the syn-

thesis of industrial products such as retention agents, fire extin-

guishing agents, and flame retardants [1–3]. However, its sup-

ply chain faces growing challenges due to surging global demand.

The main bromine sources include underground brine, salt lake

brine, seawater, intermediate brine from the salt production pro-

cess, and mother liquor after salt production [4–10]. The conven-

tional air blow-out method, utilizing Cl2 as an oxidant, operates

effectively in bromine extraction within the bromine concentration

range of 200–400mg/L, but poroves insufficient for diluted sources

(<120mg/L) such as underground brines or seawater [4].

Therefore, there is an urgent need to develop alternative meth-

ods for bromine extraction. Compared to chemical oxidation, elec-

trochemical oxidation has been attracting increasing attentions in

∗ Corresponding authors.

E-mail addresses: qiantianyue@sjtu.edu.cn (T. Qian), xinzhiling@126.com (Z. Xin),

zhanghf@isl.ac.cn (H. Zhang), zaijiantao@sjtu.edu.cn (J. Zai).

the field of bromine extraction due to its excellent selectivity,

simplified production process, clean production, and low energy

consumption [11]. Zhou et al. enhanced extraction efficiency from

25.4% to 77.8% by optimizing the electrode area, yet the electro-

chemical oxidation process remains energy-intensive, potentially

limiting cost-effectiveness for large-scale applications and gener-

ating by-products like chloride compounds [8]. Cohen et al. further

reduced energy consumption by lowering it to 2.24 kJ/g using ac-

tivated carbon cloth [2]. Nonetheless, this approach resulted in a

limited bromine extraction yield of 1.4 %. To address both energy

and yield issues, Sun et al. achieved a Faraday efficiency (F.E.) of

60% to 90% and an energy consumption of 6 kJ/g in oil and gas

wastewater using a graphite electrode at a Cl/Br ratio of 43 [15].

Despite the efforts to improve electrochemical bromine extraction

in recent studies, critical challenges persist in high energy con-

sumption, limited bromine extraction yield, and poor applicability

in low bromine concentration and high Cl/Br ratios systems, hin-

dering their practical scalability and application potential.

https://doi.org/10.1016/j.cclet.2025.111439

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Additionally, in practical production, the Br− extraction pro-

cess is further complicated by competitive Cl− interference, making

the Cl/Br ratio a critical factor to consider in the bromine extrac-

tion process [2,12–14]. The principle of electrochemical oxidation

is based on the difference in standard oxidation potentials between

bromide ions (Br−) and chloride ions (Cl−): The Br2/Br
− couple has

a standard oxidation potential of 1.087V, which is lower than that

of the Cl2/Cl
− couple at 1.358V [6]. This narrow potential window

demands electrocatalytic materials with enhanced selective oxida-

tion activity for bromine, yet effective catalysts for high-selectivity

bromine extraction at high Cl/Br ratios remain lacking. To address

the challenges of high Cl/Br ratios, carbon-based materials such as

graphite felt (GF) have been widely studied due to their excellent

conductivity. Modifying GF through oxygen or metal doping has

shown potential to enhance bromine adsorption and redox kinet-

ics [15–20]. For instance, platinum supported on carbon materials

exhibits excellent electrochemical performance in electrooxidation

reactions; however, its high cost and limited stability constrain its

application as an electrode material [23]. Thus, the long-term sta-

bility and selective oxidation of bromine on carbon electrodes pre-

pared using these conventional methods remain a significant chal-

lenge [21–24].

To address these challenges, including high energy consump-

tion, low extraction yield, and poor selectivity in high Cl/Br ra-

tio solutions, we employed CO2 activation of acid-thermal treated

graphite felt (AHGF-Y) to enhance selectivity and reduce the over-

potential of the BrOR electrode. Also, a highly efficient hydrogen-

bromine flow cell (HBFC) system is designed to overcome the mass

diffusion limitation in conventional static electrochemical cells. Un-

der flow conditions 1 g/L Br−, and 17g/L Cl−, AHGF-Y achieved

bromine extraction yield of nearly 94% and energy consumption

of just 1.61 kJ/g. Even in underground brine containing interfer-

ing ions (such as SO4
2− and NO3

−) with extremely low bromine

concentration (0.15 g/L Br−) and high chloride content (17 g/L Cl−),
the system maintained exceptional extraction efficiency of 95.5 %,

demonstrating its practical potential for low-grade bromine ex-

traction. Moreover, when applied to HBFC for scale-up testing, F.E.

of up to 99.7% was achieved. Finally, hydrogen was co-produced

at the positive electrode, consistent with the theoretical hydro-

gen yield. Our results demonstrate that AHGF-Y-based technologies

can achieve efficient, economical, and environmentally friendly co-

production of bromine and hydrogen. In the future, these technolo-

gies are expected to be scaled up for industrial applications, pro-

viding robust support for the integration of renewable energy and

the development of green chemical processes.

Materials: The graphite felt (GF, thickness: 3mm) was obtained

from Hebei King Carbon Technology Co., Ltd. Sodium bromide (AR),

sodium chloride (AR), sodium sulfate (AR), and sulfuric acid (AR)

were purchased from Sinopharm Chemical Reagent Co., Ltd. All

chemicals and solvents were used without further purification.

The GF was immersed in a 6mol/L sulfuric acid solution for

12h, rinsed with deionized water until neutral pH, and then dried

in a vacuum oven, resulting in acid-modified graphite felt (AGF). It

was then calcined in a muffle furnace at 300 °C for 2h to obtain

acid-heat-treated graphite felt (AHGF).

A single-zone horizontal tube furnace was flushed for at least

30min before heating. The sample was heated under a CO2 atmo-

sphere at a rate of 10 °C/min to 850 °C and maintained at 850 °C for

Xh (X=0.5, 0.75, 1, 1.5, 2, 2.5). During the heating process, the gas

flow rate was set to 200mL/min to ensure an adequate CO2 sup-

ply. After the designated heating period, the sample was cooled

under a nitrogen flow of 200mL/min to obtain AHGF-Y, where

Y=10X.

A platinum-loaded AHGF (Pt-AHGF) was left to stand at a tem-

perature of 30 °C in 30mL solution of chloroplatinic acid for 1h,

and then activated under H2/Ar at 400 °C for 5h.

Fig. 1. Diagram of hydrogen-bromine flow cell.

Nitrogen (N2) adsorption and desorption isotherms (BSD-660M

(A6B3M), China) were used to classify pore structures and per-

form physical characterization, with temperature control main-

tained at low temperature by liquid nitrogen (77K). The specific

surface area was determined using the Brunauer–Emmett–Teller

(BET) method. The pore size distribution was calculated from the

adsorption branch using the non-local density functional theory

(NLDFT) method. The morphology and surface chemical differences

of the AHGF samples were determined using a scanning electron

microscope (SEM, Nova Nano SEM 230, USA). Surface properties

and elemental analysis were conducted using energy-dispersive

spectroscopy (EDS) elemental mapping to analyze the surface char-

acteristics and element distribution on the AHGF electrodes. The

contact angles of the samples were measured using an optical

contact angle measuring device (DSA30, Germany). The concentra-

tion of bromide ions (IC) was measured using ion chromatography

(IC, ICS5000+, Thermo Fisher). The electronic states of elements

on the AHGF electrode surface were analyzed by X-ray photoelec-

tron spectroscopy (XPS, Thermo Fisher Scientific, USA). The struc-

tural characteristics of the electrodes were analyzed using an X-

ray diffractometer (XRD, Miniflex 600-C, Japan). The ID/IG ratio of

the graphite felt electrodes was analyzed by Raman spectroscopy

(Raman, Thermo Fisher Scientific, USA). The graphite felt samples

were characterized using a Fourier transform infrared spectrometer

(FT-IR, Thermo Fisher, USA) to investigate changes in their surface

functional groups.

The study of electrode performance, a 0.2mol/L NaBr solu-

tion was used as the standard electrolyte in single-cell three-

electrode electrochemical experiments. Linear sweep voltamme-

try (LSV), cyclic voltammetry (CV), and Tafel slope measurements

for electrocatalytic performance were all implemented in a three-

electrode system on the CHI760E electrochemical workstation (CH

Instruments, USA). A saturated calomel electrode (SCE, from Shang-

hai CH Instrument Ltd.) and a platinum electrode (1 cm×1 cm,

from Gaoss Union (Tianjin) Photoelectric Technology Ltd.) were

used as the reference and counter electrodes, respectively. Elec-

trochemical impedance spectroscopy (EIS) at open circuit poten-

tial (OCP) and in-situ EIS were performed within the frequency

range from 1MHz to 0.1Hz on the Zahner Zennium electrochemi-

cal workstation (Zahner, Germany). To measure the electrode ca-

pacitance using cyclic voltammetry, a 0.1mol/L Na2SO4 solution

was used. All chemicals were used as received without further pu-

rification. The following equation was used to convert the poten-

tials to the SHE scale:

E(vs. SHE) = E(vs. SCE) + 0.244V (1)

The construction diagram of the internal flow cell structure can

be found in Fig. 1 (FRS-GR-1.6, from Taizhou TiSing Electrochemisry

Co., Ltd.). As shown in Fig. S1 (Supporting information), the flow
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Fig. 2. (a) SEM images of AHGF-15. (b) Raman spectra of AHGF and AHGF-Y. (c) XPS spectra of C 1s. (d) XPS spectra of N1s. (e) FTIR spectra of AHGF and AHGF-Y. (f) ECSA,

conductivity, SCA curves of AHGF and AHGF-Y.

path design features a diagonal interleaving channel (integrated

graphite flow field plate). The electrodes in the flow cell are in-

stalled in an embedded configuration.

The underground brine is first extracted using CCl4 to remove

most of the organic substances, and the negative electrolyte mea-

sured by ion chromatography is expressed as 0.15 g/L Br−, 17.0 g/L
Cl−, 0.044 g/L SO4

2− and 0.027 g/L NO3
−. Based on this composi-

tion, we prepared anion solutions with Cl− concentration of ap-

proximately 17 g/L and Br− concentrations of 1, 0.68, and 0.12 g/L.

The device of HBFC, illustrated in Fig. 1, was conducted at room

temperature (25±3 °C) in a sealed flow cell to achieve selective

oxidation of bromide ions. The positive electrode and the sealed

negative electrode chamber were separated by a cation exchange

membrane (Nafion 117, Sigma-Aldrich). On one side of the negative

electrolyte side, two containers each contained 40mL of negative

electrolyte solutions, while another container held 20mL of nega-

tive electrolyte and 20mL of CCl4. The electrolyte was thoroughly

mixed and circulated for bromine extraction using a flow pump. In

non-cyclic tests, the bromine-extracted solution did not return to

the negative electrode chamber for repeated extraction.

AHGF and AHGF-Y were used as the negative electrode, in-

stalled in an embedded configuration. Pt-AHGF electrode served as

the positive electrode. The bromine extraction experiments were

conducted in constant current mode. Unless otherwise specified,

the bromine extraction current at the negative electrode was set

to 15mA, and controlled using a DH7000C electrochemical work-

station from Jiangsu Donghua Analytical Instrment Co., Ltd.

The bromine generated during oxidation was directly intro-

duced into a beaker containing carbon tetrachloride for subsequent

quantification via ion chromatography. Meanwhile, in the positive

electrode chamber, protons gained electrons on the surface of the

Pt-AHGF electrode to generate hydrogen gas.

X-ray diffraction (XRD) analysis was used to confirm whether

CO2 activation altered the crystal structure of the AHGF mate-

rial. In the XRD patterns (Fig. S2 in Supporting information), the

phase compositions of the three samples are similar, and the crys-

tal structure of AHGF after CO2 activation shows no significant

change. The broad peak observed at 2θ =25.0° is a typical charac-

teristic of graphite felt [25]. This indicates that the crystal structure

of graphite felt is not affected by CO2 activation.

The individual fibers of AHGF and AHGF-Y are shown in Fig. S3

(Supporting information) and Fig. 2a. The chemical composition of

the AHGF-15 sample was analyzed using the SEM-EDS method in

Fig. S4 (Supporting information). The samples were primarily com-

posed of carbon. The formation of surface micropores and defects

Table 1

Distribution of carbon functional groups in AHGF and AHGF-Y.

Sample sp2 C–OH C=O Functional group

(C–OH, C=O)

AHGF 0.81 0.05 0.14 0.19

AHGF-15 0.73 0.19 0.09 0.27

AHGF-25 0.83 0.12 0.05 0.17

is associated with the Boudouard Reaction (C+CO2 →2CO) occur-

ring on the AHGF surface during activation. As shown in Fig. 2a,

the SEM images reveal that after CO2 activation, the carbon struc-

ture develops an irregular pore morphology. The surface roughness

of AHGF-Y increases significantly, and small defects are introduced

on the carbon fiber surfaces due to CO2 activation.

To confirm the carbon bonding states in the AHGF and AHGF-

Y materials, Raman spectroscopy was conducted. The D-band peak

typically appears at around 1350 cm−1, while the G-band peak is

located at approximately 1580 cm−1 [26]. The intensity ratio of the

D-band to the G-band (ID/IG) reveals the degree of disorder in the

carbon structure. As shown in Fig. 2b, the ID/IG ratio for AHGF-15 is

1.12, indicating a higher degree of structural disorder compared to

AHGF (ID/IG =1.09) and AHGF-25 (ID/IG =1.39). The increased disor-

der is likely caused by the introduction of additional defects in the

carbon structure during the CO2 activation stage, which reduces

crystallinity. The lower degree of graphitization in AHGF-15 leads

to the formation of more surface active sites, pores, and defects.

These defects and active sites enhance Br− adsorption.

XPS analysis was used to confirm the types of carbon and nitro-

gen elements in the AHGF and AHGF-Y electrodes. The C 1s spec-

tra in Fig. 2c were deconvoluted for AHGF, AHGF-15, and AHGF-

25 to investigate the effects of CO2 modification on the surface

functional groups of graphite felt. The results show that the peak

for sp2 hybridized carbon appeared at 284.8 eV, hydroxyl carbon

at 286.0 eV, and carbonyl carbon at 286.7 eV [27–29]. As indicated

in Table 1, the functional group content (C–OH, C=O) in AHGF-

15 reached 27%, superior to that in AHGF and AHGF-25, respec-

tively. The presence of these functional groups affects the elec-

tronic structure of the GF, which may alter the surface activity,

further influencing the charge transfer efficiency in electrochemi-

cal reactions and impacting bromine extraction capability. CO2 ac-

tivation introduced oxygen functional groups (C–OH, C=O), serving

as active sites to enhance catalytic efficiency in electrochemical re-

actions.

3
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Table 2

Distribution of nitrogen functional groups in AHGF and AHGF-Y.

Sample Quaternary N Pyrrolic N Pyridinic N

AHGF 0.23 0.30 0.46

AHGF-15 0.02 0.18 0.79

Research has shown through XPS analysis that nitrogen-doped

carbon materials provide bromine adsorption sites, with nitrogen

functional groups undergoing chemical reactions with Br2/Br
− [28].

The N 1s XPS spectra (Fig. 2d) were deconvoluted into four dif-

ferent nitrogen functional groups: pyridinic nitrogen (399.4 eV),

pyrrolic nitrogen (400.1 eV), and quaternary ammonium nitrogen

(401.0 eV) [30]. The atomic content of the nitrogen functional

groups is summarized in Table 2. Pyridinic nitrogen could sig-

nificantly enhance bromine extraction yield by promoting bro-

mide ion adsorption, facilitating electron transfer, improving ad-

sorption properties, and stabilizing intermediates [28]. In contrast,

the positive charge of quaternary ammonium nitrogen would hin-

der bromine extraction by stabilizing negatively charged interme-

diates and generating steric hindrance, which suppressed active

sites and electron conduction. According to Table 2, it can be con-

cluded that AHGF-15 has a high pyridinic nitrogen content of 79%

and nearly zero quaternary ammonium nitrogen.

The FTIR spectrum in Fig. 2e showed that the peaks at 1653 and

1400 cm−1 were attributed to the stretching vibration of the car-

bonyl group (C=O) and the bending vibration of the –OH group, re-

spectively. In the AHGF-Y samples, the peak intensities of C=O and

–OH changed under different treatment conditions. The result in-

dicated that CO2 activation increased the content of –OH and C=O

functional groups, which was also consistent with the XPS results.

This further demonstrated the successful construction of AHGF-Y

enriched with COH and C=O functional groups.

The static contact angle (SCA) was used as an indicator to char-

acterize changes in the hydrophilicity of electrode materials. As

shown in Fig. 2f and Fig. S5 (Supporting information), the SCA of

AHGF-15 was 112.2°, smaller than that of AHGF, indicating that

AHGF-15 had better hydrophilicity due to the presence of more

oxygen-containing functional groups on its surface. It has been re-

ported that porous carbon materials rich in oxygen and nitrogen

exhibit better wettability and enhanced affinity with aqueous elec-

trolytes compared to other pretreatment methods [31–36]. In this

work, AHGF-15 formed a structurally stable porous carbon layer

rich in oxygen and nitrogen functional groups. This improved neg-

ative electrode not only enhanced the hydrophilicity of the AHGF-

15 electrode but also improved the redox kinetics of bromine. Rela-

tively better electrolyte wettability promotes ion transport, thereby

increasing the electrochemical reaction rate and overall bromine

extraction yield. In the case of AHGF electrodes without CO2 ac-

tivation, it was observed that relatively hydrophobic electrodes

failed to absorb the electrolyte, resulting in minimal participation

of the electrode in the bromine redox reaction. As shown in Fig.

2f, AHGF-15 exhibits the highest conductivity, which might be at-

tributed to the presence of appropriate defects or vacancies that

could tune the band gap structure and enhance electron mobility.

The introduction of nitrogen could increase the electron density of

the carbon material, thereby improving its conductivity.

To further investigate the active sites of AHGF and AHGF-Y, the

electrochemically active surface area (ECSA) was tested at differ-

ent scan rates (10–30mV/s) (Fig. 2f and Fig. S6 in Supporting in-

formation). The electrochemical response of AHGF is primarily at-

tributed to the contribution of the electrochemical double-layer

capacitors (EDLCs), as indicated by the ideal polarization charac-

teristics, compared to AHGF-Y in Fig. S6 [37,38]. Despite the ad-

vantages of EDLCs, such as fast adsorption and ion exchange, they

Fig. 3. (a) The LSV curves of AHGF and AHGF-Y electrodes. Scan rate of 100mV/s,

range from 0.4V to 1.4V. (b) Tafel Curves of AHGF and AHGF-Y. (c) The EIS diagram

in 0.2mol/L NaBr solution of AHGF and of AHGF-Y. (d) In-situ EIS diagram of AHGF-

15.

store energy only through physical adsorption, lacking active sites

that participate in complex electrochemical reactions [39,40]. As

a result, EDLCs perform poorly in handling bromine evolution re-

actions, which also explains why the efficiency of AHGF in the

bromine extraction process is almost zero. In contrast, AHGF-Y

showed a higher resistive behavior, and the resistive features in

the ECSA curves were due to the diffusion constraints of the elec-

trolyte within the pores [37,38]. To further compare and evalu-

ate ECSA of several materials, their double-layer capacitance (Cdl)

was measured using CV in a 0.1mol/L Na2SO4 solution. As shown

in Fig. S6d, the Cdl value of AHGF-15 (1490 μF/cm2) is signifi-

cantly higher than that of AHGF-25 (984 μF/cm2) and AHGF (164

μF/cm2), greatly outperforming the traditional GF electrode [41].

Furthermore, as described in Table S1, BET analysis indicated that

although the activation treatment only slightly increased the spe-

cific surface area of AHGF-15 and AHGF-25, the average pore di-

ameter of AHGF-15 (5.86nm) was significantly larger than that of

AHGF (3.44nm) and AHGF-25 (3.90nm). This indicates that the

significant improvement in the average pore diameter of AHGF-Y

facilitates the diffusion of Br− and the products, thereby enhanc-

ing its bromine extraction performance in the flow cell.

To determine the improved adsorption and capture ability of

Br2/Br
− within the modified AHGF, electrochemical performances

were compared through single-cell tests. LSV tests were performed

on AHGF and AHGF-Y at a scan rate of 10mV/s within a potential

range of 0.4–1.4V to obtain the overpotential for bromine oxida-

tion. Fig. 3a shows the LSV curves for each electrode, and water

oxidation was not observed within the tested potential range. As

shown in Fig. 3a, compared to AHGF and AHGF-25, AHGF-15 ex-

hibited the lowest overpotential of 708mV. These results indicate

that the AHGF-15 sample has the best bromine evolution activity.

We plotted the Tafel curves to investigate the BrOR reaction ki-

netics of the three materials in greater depth (Fig. 3b). Theoreti-

cally, if the rate-limiting step of BrOR is Br− electrolysis involving

only a single electron transfer (producing bromine radical Br·), the
Tafel slope should be 118mV/dec (with α =0.5, n=0) [42]. How-

ever, the Tafel slope of AHGF-15 is 78mV/dec, significantly lower

than that of AHGF-25 and AHGF, and notably lower than the the-

oretical value. This suggests that AHGF-15 may undergo additional

steps that promote Br− electrocatalytic oxidation before the rate-

limiting step. The surface reaction kinetics of AHGF and AHGF-

25 were limited, likely due to the effects of structure and surface

4
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chemical composition on catalytic performance. Factors such as

surface chemistry, structural morphology, conductivity, and charge

accumulation could also influence the reaction rate. Through these

analyses, we confirmed that AHGF-15 exhibited the best electro-

catalytic activity for BrOR.

To gain a deeper understanding of the electrochemical behav-

ior at the material-solution interface, we conducted EIS exper-

iments (Fig. 3c and Fig. S7 in Supporting information). In the

low-frequency region, the AHGF and AHGF-25 electrodes displayed

nearly vertical lines, demonstrating good capacitive behavior at

low frequencies. In the mid-frequency region, the Nyquist plots

showed sloped curves known as Warburg resistance, which repre-

sents the frequency dependence of ion diffusion within the porous

electrodes. The results showed that the EIS response of AHGF-15

exhibited two distinct response layers, in addition to the composite

interfacial resistance of the substrate itself. This might be related

to electronic conduction within the samples and the diffusion pro-

cess of bromide ions (Br−). Simultaneously, the impedance behav-

ior of AHGF-25 and AHGF was similar, with a much larger arc ra-

dius in the Nyquist plots compared to AHGF-15. This indicated that

the unique structure of AHGF-15 might contribute to faster elec-

tron transfer and more efficient bromide ion transport. Specifically,

the AHGF-15 sample exhibited the best conductivity, superior elec-

trochemical performance, shortened ion diffusion paths, and faster

charge transfer, making it suitable for applications in electrochem-

ical bromine extraction.

To further investigate the relationship between potential, struc-

ture and activity of electrode materials, we conducted in-situ EIS

tests on the AHGF-15 sample. We compared the changes in charge

transfer resistance and diffusion resistance at different potentials,

and the specific Bode phase results were shown in Fig. 3d. In the

high-frequency range (1MHz to 10kHz): The system was domi-

nated by electrolyte resistance, and the phase change showed a

weak correlation with the applied potential. In the mid-frequency

range (10 kHz to 10Hz), a larger phase angle was observed at lower

potentials (0.933–1.033V). This indicated an enhancement of inter-

facial charge transfer reactions in the system, possibly due to the

occurrence of the bromine evolution reaction. In the low-frequency

range (10Hz to 0.1Hz), the contact resistance between the elec-

trode material and the electrolyte was reflected, which was related

to the diffusion layer of Br− on the surface of the carbon material

electrode.

Through comparative electrochemical analyses of the samples,

including LSV, Tafel and in-situ EIS, we verified the excellent elec-

trocatalytic activity of AHGF-15 in the BrOR reaction. By optimizing

the surface properties of the graphite felt and increasing the ac-

tive sites, its ability for electrochemical bromine extraction could

be further enhanced. These findings provide important insights for

catalyst improvement and deepen our understanding of differences

in material reactions.

At room temperature (25±3 °C), LSV tests were to determine

the oxidation overpotential for bromine extraction [43,44]. Fig. 4a

showed the LSV curves of the flow cell. The strong catalytic abil-

ity of AHGF-15 resulted in a lower onset voltage for bromine ex-

traction. Although AHGF-25 also demonstrated some bromine ex-

traction capability after 1.3V, the rate and magnitude of the in-

crease in current density were inferior to those of AHGF-15, in-

dicating relatively weaker bromine extraction performance. Mean-

while, AHGF exhibited weak catalytic activity for Br−, with no dis-

tinct onset voltage. The LSV results indicated that after CO2 activa-

tion, the LSV onset potential of AHGF-Y shifted significantly for-

ward compared to AHGF. This demonstrated that CO2 activation

enhanced the catalytic ability for bromide ion extraction. Among

the samples, AHGF-15 exhibited the best bromine extraction ca-

pability, rapidly oxidizing bromine at a lower potential. Moreover,

the LSV for dynamic bromine extraction of AHGF in Fig. 4a shows

Fig. 4. (a) LSV curves of AHGF and AHGF-Y in the flow cell. (b) The constant current

test of AHGF and AHGF-Y in the flow cell. (c) The LSV curves of AHGF-15 before and

after the constant current test in the flow cell. (d) Three cycles of constant current

bromine extraction with AHGF-15 in the flow cell.

a higher current density at 1.4V compared to the static LSV in Fig.

3a, indicating that dynamic conditions are more favorable for mass

transfer.

To evaluate the performances of the electrodes, bromine ex-

traction yield and energy consumption are critical parameters. For

AHGF and AHGF-Y, the parameters were calculated using the for-

mulas derived from the data processing section of the support-

ing information. To confirm the bromine extraction performance of

AHGF and AHGF-Y in flow cell, as shown in Table S2 (Supporting

information), seven AHGF-Y samples with different CO2 activation

times worked as bromine electrodes. As shown in Fig. 4b, the volt-

age of AHGF-15 slowly increased to approximately 1.2V and then

gradually rose to nearly 1.4V. This voltage was lower and more sta-

ble compared to AHGF and AHGF-25, suggesting a reduced likeli-

hood of water oxidation side reactions for AHGF-15. Last, AHGF-15

exhibited the best catalytic performance for bromine extraction in

flow cell, with nearly 94% of bromide ions oxidized at an energy

consumption of only 1.61 kJ/g. Thus, during the constant current

test of 15mA for bromine extraction in flow cells, AHGF-15 could

effectively reduce the overpotential, enabling more bromide ions to

participate in the redox reactions.

To gain further insight into the stability of active sites, the LSV

curves of AHGF-15 before and after use in flow cell were com-

pared. As shown in Fig. 4c, the onset potential of AHGF-15 after

bromine extraction in the flow cell did not shift significantly, and

the current density showed only a slight decrease. This indicates

that AHGF-15 retained good activity and stability after the bromine

extraction process. The XPS spectra in Figs. S8 and S9 (Support-

ing information) further confirmed the distribution of C and N ele-

ments in AHGF-15 after the flow reaction, showing that the forms

of C and N remained nearly unchanged before and after the re-

action. The improved electrode affinity addressed bromine oxida-

tion issues and suppresses side reactions, resulting in enhanced

bromine extraction performance and excellent durability. There-

fore, the usage of the AHGF-15 negative electrode demonstrates

superior performance and outstanding cycling stability. As shown

in Fig. 4d, after three cycles, the bromine extraction performance

of the AHGF-15 electrode remains stable.

In the flow system, bromine is generated on the negative elec-

trode side. To enhance the value and efficiency of the system’s

overall products, the positive electrode side can be designed to

produce equally valuable products. From the perspective of poten-
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Fig. 5. Bromine extraction in flow system using AHGF-15 (a) in electrolyte with 0.68 g/L Br− and 17g/L Cl− , (b) in electrolyte with 0.15 g/L Br− and 17g/L Cl− , (c) in

real oilfield brine containing 0.15 g/L Br− . (d) Comparison of bromine extraction performance in this work with other representative electrodes in Table S6. Note: If the

corresponding parameters are not mentioned in the literatures, they are considered as 0.

Fig. 6. (a) Non-cycle amplified system. (b) Bromine extraction in non-cycle amplified system using 1 g/L Br− and 17g/L Cl− .

tial, carrying out the hydrogen evolution reaction (HER) on the

positive electrode not only enables simultaneous bromine extrac-

tion and hydrogen production but also significantly improves the

efficiency of electrical energy utilization. This approach presents

an innovative strategy for combining bromine extraction with hy-

drogen generation, contributing to alleviating the energy shortage

problem.

As shown in Fig. S10 and Table S3 (Supporting information),

the selective bromine extraction can be successfully paired with

HER in our flow cell. Using a flow circulation system in the nega-

tive electrode chamber, 83mL of solution was processed at 100mA

for 1000 s. The bromine extraction yield reached 98.3%, with en-

ergy consumption of only 1.81 kJ/mol. Meanwhile, hydrogen gas

was co-produced at the positive electrode, yielding 12mL, which

was collected using the water displacement method. The hydrogen

production is consistent with the theoretical hydrogen yield. This

approach facilitates the effective use of electrical power, supplies

bromine for industrial applications, and generates sustainable hy-

drogen energy.

The electrode was further applied to simulate the extraction of

low-grade bromine resources. As shown in Fig. 5a and Table S4

(Supporting information), in a solution environment with 0.68 g/L

Br− and 17g/L Cl−, the bromine extraction yield of AHGF-15 could

still reach 95.0%, with energy consumption of only 1.75 kJ/g. Sim-

ilarly, as shown in Fig. 5b, in an even lower concentration en-

vironment containing 0.15 g/L Br− and 17g/L Cl−, the bromine

extraction yield could maintain 93.5%, with energy consumption

slightly increased to 1.90 kJ/g. Additionally, as shown in Figs. S11

and S12 (Supporting information), even in environments with ex-

tremely low bromine ion concentrations of 100mg/L and 50mg/L,

the electrode’s bromine extraction efficiency can still reach 96.4%,

while maintaining low energy consumption. It is worth noting

that the minimum concentration of bromine in seawater is cur-

rently 60mg/L, which indicates that our device already possesses

the capability to efficiently extract bromine from extremely low-

concentration bromine resources, demonstrating its significant po-

tential for practical applications. Table S4 summarizes the bromine

extraction performance of AHGF-15 in flow systems using differ-

ent electrolytes. Subsequently, as shown in Fig. 5c and Table S5

(Supporting information), the electrode was further applied to real

oilfield brine containing 0.15 g/L Br− and multiple interfering ions,

such as SO4
2−, NO3

−, and Cl−. In this system, AHGF-15 achieved a

bromine extraction yield of 95.5 %, with an energy consumption of

only 3.66 kJ/g, laying a solid foundation for its future practical ap-

plication. Compared to other works (Fig. 5d and Table S6 in Sup-

porting information), the flow bromine extraction system we con-

structed demonstrates advantages of high bromine extraction yield

and low energy consumption in simulated electrolytes. Moreover, it

also performed well in bromine extraction from raw underground

brine. Ultimately, a good bromine extraction performance could be

achieved, indicating its promising application potential and value

for extracting bromine resources from low-grade brine. Addition-

ally, as shown in Figs. 6a and b, in a non-cycle bromine extraction

setup using a solution containing 1 g/L Br− and 17g/L Cl−, 1 L of

solution was processed, achieving a Faradaic efficiency of 99.7 %.

In this work, we proposed AHGF-Y based on mesoporous

graphite felt fibers activated with CO2. Such a simple and cost-

effective approach could improve the structural and chemical prop-
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erties. Performance tests were further conducted under flow con-

ditions in bromine extraction, and it was found that due to the

low ohmic resistance, enhanced conductivity, and better stability

of AHGF-15, the bromine extraction yield reached nearly 94% at

an energy consumption of only 1.61 kJ/g in a flow cell with 1 g/L

Br−. In a low-grade system with 0.15 g/L Br−, the bromine extrac-

tion yield was 93.5%, with an energy consumption of just 1.90 kJ/g.

Further application in real underground brine containing 0.15 g/L

Br− and a large number of Cl− ions, as well as other interfering

anions like SO4
2- and NO3

−, was conducted. The results demon-

strated that AHGF-15 could still achieve bromine extraction yield

of 95.5 % with an energy consumption of only 3.66 kJ/g. Addition-

ally, in a non-cycle amplified bromine extraction setup, its Faradaic

efficiency reached an near-unity of up to 99.7%. In addition, se-

lective bromine extraction was coupled with HER in the flow cell,

achieving 98.3% bromine extraction yield and 1.81 kJ/g energy con-

sumption, where hydrogen gas was co-produced at the positive

electrode. In conclusion, AHGF-Y demonstrated superior electrocat-

alytic performance in the bromine extraction flow cell developed

in this work, exhibiting excellent bromine extraction yield and out-

standing cycling stability.
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