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a b s t r a c t

A novel iron-hydrogen battery system, whose Fe3+/Fe2+ cathode circumvents slowly dynamic oxygen re-

duction reaction and anode is fed with clean and cordial hydrogen, is systematically investigated. The

maximum discharge power density of the iron-hydrogen battery reaches to 96.0 mW/cm2 under the room

temperature. The capacity reaches to 17.2 Ah/L and the coulombic and energy efficiency are achieved to

99% and 86%, respectively, during the galvanostatic charge-discharge test. Moreover, stable cycling test

is observed for more than 240 h and 100 cycles with the iron sulfate in the sulfuric acid solutions. It

is found that air plasma treatment onto the cathode carbon paper can generate the oxygen-containing

groups and increase the hydrophilic pores proportion to ca. 40%, enlarging nearly 6-fold effective diffu-

sion coefficient and improving the mass transfer in the battery performance. The simple iron-hydrogen

energy storage battery design offers us a new strategy for the large-scale energy storage and hydrogen

involved economy.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In the past two decades, the renewable electricity generating

capacity has increased greatly [1–4], but most of the renewable en-

ergy power generations, such wind and solar power, have the char-

acteristics of uncertainty and discontinuity [5–7]. Thus the stable

and efficient energy storage methods are needed for energy con-

version and harvest [8,9]. To meet these needs, the redox flow bat-

teries (RFBs) and the proton exchange membrane fuel cells (PEM-

FCs) have attracted wide attention. RFBs are attractive energy stor-

age technologies because of the property to be independent mod-

ular designed in terms of power and capacity [10]. However, RFBs

application is limited by metal deposition [11], uneconomical metal

ions and organic ligands [12] and low electrolyte concentration

[13], etc. For example, the well-known vanadium redox flow bat-

tery is of high cost owing to the usage of expensive vanadium

[14]. The latter, PEMFCs, are eye-catching because of the clean raw

materials and high energy density (current reach to 135 Wh/kg)

[15,16] even compared to excellent VRFBs (< 40 Wh/kg) [17–19].

But the kinetics of the oxygen reduction are ~5 orders of magni-

tude slower than hydrogen oxidation kinetics [20,21] and the load

of Pt on the oxygen side is 4 times that on the hydrogen side (total

Pt loading of 0.125 mg/cm2 by 2020 is a target of the U.S. Depart-
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ment of Energy) [22]. On the contrary, the anode side of PEMFCs

for hydrogen oxidation could achieve high performance and high

energy conversion efficiency at very low loading of precious metal

catalyst.

The large-scale energy storage with low cost can be realized

with combining the advantages of RFBs and PEMFCs and omit the

disadvantages of them. Moreover, RFBs share many common com-

ponents with PEMFCs such as proton exchange membranes, elec-

trodes, flow field plates and bipolar plates [10]. Then, the lower

toxicity and cheaper Fe2+/Fe3+, and clean and highly active H2/H
+

redox couples are chosen to be assembled a hybrid system, the

iron-hydrogen energy storage battery (IHESB). The half reactions on

cathode and anode side are

Cathode: 2Fe3+
(aq) + 2e− → 2Fe3+

(aq) E0 = 0.77 V versus RHE (1)

Anode: H2 → 2H+ + 2e− E0 = 0.00 V versus RHE (2)

Then the overall reaction is

2Fe3+
(aq) + H2 → 2Fe3+

(aq) + 2H+ E0 = 0.77 V versus RHE (3)

Since the iron ions and hydrogen are economical and non-toxic

compared to common flow battery systems such as vanadium,

bromine, chlorine, lead and chromium [23,24], and just a small

amount of catalyst is needed only on hydrogen oxidation reaction,
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Fig. 1. (a) A schematic representation of the iron-hydrogen energy storage battery (IHESB). (b) Cyclic voltammogram of ferric sulfate (scan rate is 2 mV/s, in 0.4 mol/L

Fe2(SO4)3 with 1 mol/L H2SO4 electrolyte).

the IHESB combines the advantages of RFBs and PEMFCs and is a

competitive candidate for energy storage and conversion.

Plasma treatment has been recognized as an efficient method

to influence the material surface energy, wettability, and can intro-

duce hydroxyl and carbonyl groups and increase surface roughness

with choosing gas [25,26]. Moreover, plasma is popular because

of its convenience and not involving any toxic chemicals [27–31]

compared with thermal oxidation [32], acid treatment [33], and

other chemical oxidation methods [34], etc. Because of oxygen-

containing function groups facilitate the Fe (II)/Fe (III) redox re-

actions [35,36], air plasma is selected to modify the carbon paper

cathode electrode which is beneficial to increase the power density

and energy efficiency.

In this work, no catalyst such as PtIr alloy on Vulcan XC-72

[37] is used in Fe(II)/Fe(III) redox reactions, reducing the cost. And

with hydrogen directly pass through the gas diffusion layer instead

of bubbling hydrogen through the liquid [38–40], the liquid iron

plus hydrogen gas system avoids the influence of crossover. The

high performance IHESBs are assembled by using a series of carbon

paper electrodes with air plasma modification. The discharge max-

imum power density of the battery is improved from 4.4 mW/cm2

with non-treatment electrode to 96.0 mW/cm2 with electrode un-

der plasma treatment. And the capacity density of the battery can

reach 15.5 Ah/L from 11.7 Ah/L at a galvanostatic current density

of 60 mA/cm2, and CE is close to 100%. The reasons for the im-

proved performance are the increase of hydrophilicity, the intro-

duction of oxygen-containing functional groups, and the enhance-

ment of mass transfer. After 100 cycles of continuous cycling dur-

ing 240 h, CE is almost unchanged and remaining above 99% and

VE and EE decrease less than 14%, which shows a good cycling per-

formance.

The schematic structure of the IHESB is shown in Fig. 1a and

the components details can be seen in Fig. S1 (Supporting infor-

mation). It mainly consists of electrolyte storage tanks, end plates,

flow field plates, electrodes, current collector plates and proton ex-

change membrane. The cathode is the liquid ferric sulfate in sulfu-

ric acid and the anode is hydrogen gas. When the battery is charg-

ing, the divalent iron ions on the cathode are oxidized to the triva-

lent state, and the protons migrate from the cathode to the anode

and are reduced to the hydrogen. When the battery is discharg-

ing, the hydrogen on the anode is oxidized to the protons, and the

protons migrate to the cathode through the proton exchange mem-

brane, and the ferric ions on the cathode are reduced to divalent

iron ions.

Fig. 1b shows the cyclic voltammetry spectrum of the ferric sul-

fate and the potential of the hydrogen electrode. The ferric sulfate

is dissolved in the sulfuric acid solution, the cathode is used as the

working electrode, and the anode is used as the counter electrode

and the reference electrode. The half wave potential of ferric sul-

fate catholyte is 0.66 V versus hydrogen anode, which is smaller

than the theoretical value (E0 = 0.77 V). The relatively low elec-

trode reaction potential is because of the non-ideal hydrogen ref-

erence electrode and the open circuit voltage is near to the theo-

retical value during the battery test section. And the peak poten-

tial difference between oxidation and reduction of iron sulfate at

a sweep rate of 2 mV/s is only 71 mV, which is a quasi-reversible

electrode reaction process, and is beneficial for high energy effi-

ciency of the battery.

Fig. 2a shows the schematic diagram of plasma treatment pro-

cess. The surface morphology and composition of the carbon paper

remain unchanged after simple air plasma treatment, but the sur-

face changes from hydrophobic to hydrophilic, and the proportion

of hydrophilic oxygen-containing groups is greatly increased. After

plasma treatment for different periods of time, the SEM spectra of

the carbon papers are shown in Figs. 2b-g. The general morphol-

ogy, diameter, and distribution of the carbon fibers in the carbon

paper were basically unchanged, but according to the upper right

embedded SEM spectra for small scale, the surface of the carbon

fibers in the carbon paper became rougher after long-term plasma

treatment. Goniometry was conducted using DI water as the work-

ing solvent. And the embedded images in the lower left corner

of Figs. 2b-g show that the untreated carbon paper was quite hy-

drophobic with a contact angle of 125°. But after the air plasma

treatment, the surface of the carbon paper became completely hy-

drophilic and the contact angle could not be recorded because that

the surface of carbon paper became wet instantly as it touted the

droplet. The increased hydrophilicity will facilitate the penetration

of cathode solution and mass transfer, and improve the power den-

sity and discharge performance.

To explain the change in hydrophilic properties, an XPS study

has been conducted to exactly identify the surface chemical state

of carbon papers before and after the surface treatment. The

change of XPS data and element contents are shown in Fig. S2

(Supporting information) in the supporting information and the ra-

tio of functional groups [33,34,41] can be obtained from the C 1s

fine XPS spectrums. The changes with contents of carbon func-

tional groups are shown in Fig. 2c. The ratio of C-C groups de-

creases and maintains to around 65%. The ratio of C-OR groups also

decreases while the C=O and COOH hydrophilic groups newly ap-

pear and increase to approximately 20%. The type and content of

functional groups are the essential reasons for the changes in car-

bon paper properties.

Untreated carbon paper and the one treated with air plasma

for 10 min are obtained and the discharge performance of the as-

sembled IHESB is shown in Fig. 2d. The peak power density of IH-

ESB with the use of untreated carbon paper is only 4.4 mW/cm2,

but applied with carbon paper treated with air plasma for 10 min,

the limit current density and peak power density reaches to 355
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Fig. 2. (a) Schematic diagram of carbon paper plasma treatment process. (b-g) SEM spectrograms of carbon papers treated by air plasma for 0-20 min (The size of ruler

is 300 μm). The size of ruler of embedded images in the upper right corner is 5 μm and embedded images in the lower left corner are the corresponding surface contact

angle images. (h) The ratio trends of carbon functional groups with increasing plasma treatment time. (i) IHESB discharge performances applied with untreated carbon paper

cathode and the one treated with air plasma for 10 min.

mA/cm2 and 96.0 mW/cm2, respectively. Besides, the open circuit

voltage is increased from 0.74 V to 0.84 V, but the voltage drops

rapidly under small current density, which shows the high circuit

voltage over 0.77 V may be due to the electrochemical reaction of

newly introduced hydrophilic groups and impurities on the plasma

treated carbon paper electrode. The enhanced peak power density

is higher than the previous report at 70 mW/cm2 [42]. It is worth

mentioning that iron sulfate instead of ferric chloride was used as

the electrolyte, less corrosive (Fig. S3 in Supporting information)

[37] and non-toxic to platinum catalyst on anode [43] and more

suitable for practical applications.

Fig. 3a shows the galvanostatic charge and discharge property

for the carbon paper before and after plasma modification. All

samples are tests at least for 5 cycles (Fig. S4 in Supporting in-

formation) and exhibit almost the same charge and discharge ca-

pacity without undesirable capacity loss which results the excel-

lent performance with coulombic efficiency (CE) of above 99%. The

discharge capacity of the battery is 11.7 Ah/L without plasma treat-

ment. As the plasma time increases, the discharge capacity of the

battery reaches the maximum value of 15.5 Ah/L at 10 min. But

as the plasma time further increases, the performance of the bat-

tery gradually decreases. The voltage efficiency (VE) and energy

efficiency (EE) of battery reflected in Fig. 3b also have a simi-

lar trend. The performance degradation caused by prolonging the

plasma time may be due to the minor damage of the carbon fiber

in the carbon paper. The VE and EE of the battery when the car-

bon paper electrode is not processed are only 52%, but the battery

composed of 10 min treatment can reach 70% efficiency.

The rate capability is a merit for practical application, and the

galvanostatic charge and discharge curves at different current den-

sities of the IHESB is shown in Fig. 3c. With the increase of charge

and discharge current density, the discharge capacity of the bat-

tery slightly decreases from 17.2 Ah/L at 10 mA/cm2 to 15.5 Ah/L

at 60 mA/cm2. The theoretical capacity is 21.4 Ah/L with using 0.4

mol/L Fe2(SO4)3 and the capacity can be increased with future op-

timization of iron ion concentration. Meanwhile, the CE, VE and EE

of IHESB under different current density are presented in Fig. 3d.

It shows that the CE of the battery is kept at above 99% in the cur-

rent density range of 10 mA/cm2 to 60 mA/cm2, and the VE and

EE are only reduced from 86% to 70%. The VE and EE decreases are

caused by the increased ohmic loss which uplift the charge curve

and descent the discharge curve as the increasing current density.

The large current density working range and high efficiencies are

beneficial to the practical energy storage applications. The cycling

stability is also a serious concern for energy storage batteries.

Fig. 3e shows the long-term charge-discharge cycling test at the

current density of 50 mA/cm2 and the cycling curves are shown in

Figure S5a. The battery’s discharge capacity density has been main-

tained at 15.5 Ah/L during 100 cycles for more than 240 h, and

the CE is basically maintained at above 99% without attenuation.

The inset graph displays that the 1st charge and discharge profile

completely coincides with the 50th one, but there is a slight devi-

ation from the 100th profile. As shown in Fig. S3b, there is obvi-

ous crossover liquid on the anode surface, which comes from the

cathode electrolyte. The penetration of the liquid will damage the

property of the Nafion membrane and reduce the battery perfor-

mance, which is blame for the decrease in VE and EE and consis-

tent with literature reports [8,44–46].

In order to explain the hydrophilicity and surface groups

changes on the electrochemical activity and battery performance,
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Fig. 3. (a) The charge and discharge curves and (b) efficiencies of IHESB with car-

bon paper treated with plasma for different times (test under 50 mA/cm2). (c) The

charge and discharge curves and (d) efficiencies of IHESB under different current

densities. Carbon paper treated with plasma at 10 min for anode electrode was

used. (e) The battery cycling performance under 50 mA/cm2. The curves of the 1st,

50th and 100th cycles are presented in the embedded image. Carbon paper treated

with plasma at 10 min for cathode electrode was used.

the characterizations of carbon paper before and after plasma

treatment are performed. The carbon paper is used as the work-

ing electrode, and the Ag/AgCl and the platinum wire electrode

are used as the reference electrode and the counter electrode, re-

spectively. The cyclic voltammetry reveals that the Fe2+/Fe3+ re-

dox current density gradually increases with the plasma treatment

time while the oxidation peak voltage gradually increases, and the

reduction peak voltage gradually decreases as shown in Fig. 4a.

The redox current density increase phenomenon is more obvious

in Fig. 4b and the ratio of peak redox current density (ipa/ipc) ap-

proaches to 1 after being treated with plasma. The changes prove

that the modified carbon paper electrode has better electrochemi-

cal activity and reversibility.

Plot the peak redox current density versus the square root of

the scan rate, and it can be found that there is an obvious linear

relationship in Fig. 4c, which suggests that the Fe(II)/Fe(III) redox

reaction on the carbon paper electrode is a diffusion-controlled

process. Calculated with the Randles-Sevcik equation for quasi-

reversible process [47], the effective diffusion coefficient (De) of

iron ion on the carbon paper electrode surface can be obtained.

The results in Fig. 4d shows that De of Fe3+ increases with the in-

crease of plasma time from 1.3 cm2/s to 7.7 × 10−6 cm2/s, which

proves that the air plasma treatment greatly promotes the mass

transfer efficiency. The De of Fe2+ also shows a similar growth

trend and can be seen in Fig. S6e (Supporting information).

For the same examination on the glassy carbon electrode sur-

face, plasma does not change the diffusion coefficient of Fe3+ on

the electrode surface (Fig. S6 in Supporting information). In ad-

dition, effective diffusion coefficient is related to the porosity of

Fig. 4. (a) Cyclic voltammograms of iron ion. Scan rate: 40 mV/s. (b) Peak current

densities and ratio of redox peak current densities for iron ion used with carbon pa-

per electrode treated with plasma after different times. Scan rate: 40 mV/s. (c) Peak

current densities for iron ion versus the square root of scan rate. Scan rate: 5-120

mV/s. Conditions: 0.4 mol/L Fe2(SO4)3 in 1 mol/L H2SO4 electrolyte; WE: carbon pa-

per electrode treated with plasma after different times, CE: Pt wire, RE: Ag/AgCl. (d)

The measured and fitted effective diffusion coefficients of Fe3+ on the carbon pa-

per electrode treated with plasma for different times. (e) Changes of porosity and

percentage of hydrophilic pores for carbon paper with and without plasma treat-

ment. (f) The square resistances of carbon paper electrode treated with plasma for

different times.

electrode according to previous work [48], the porosities of car-

bon papers are measured using the method in Fig. S7 (Supporting

information) and the results are shown in Fig. 4e. As increasing

the plasma time, the porosity of the carbon paper almost remains

the same but the proportion of hydrophilic pores increases to ca.

40% and then remains stable. And the effective diffusion coefficient

could be calculated through the section SI-8 (Supporting informa-

tion). The fitting curve (red dotted line in Fig. 4d) is in good agree-

ment with the experimental data and this change in the De in-

creases the mass transfer and improves the power density and ca-

pacity. As for the square resistance test shown in Fig. 4f, the in-

crease in plasma time will increase the square resistance of the

carbon paper, which is the reason for the battery performance de-

crease as the plasma time rises to more than 10 min. Longtime

plasma treatment damages the structure of the treated material

because of the high-energy species [49], and it is necessary to

choose the appropriate modifying time [50]. Moreover, the treated

material has the limitation of shape and size due to the limitation

of the plasma instrument cavity, and plasma technology has time-

liness [51,52]. Therefore, the stacks production and combing the

plasma pretreatment and other active material coating [53,54] are

meaningful and those studies are undertaken.

The performance of the iron-hydrogen battery is enhanced by

the air plasma treatment and the enhance of mass transfer on the

carbon paper cathode is the reason of the improvment. A max-

imum discharge power of 96.0 mW/cm2 was observed at room

temperature and all the charge and discharge examinations show a

high CE (close to 100%). Beside, an EE of 86% and capacity energy

of 17.2 Ah/L is achieved at 10 mA/cm2 for 0.4 mol/L Fe2(SO4)3 with
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1 mol/L H2SO4. And stable cycling was measured at 50 mA/cm2

for 240 h and 100 cycles with no obvious perfomance loss. Fur-

ther optimization of cathode solution composition, cathode elec-

trode material and cell structure will be conducive to the battery

performance and practical applications.
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