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Acid Treated Carbon as Anodic Electrocatalysts toward
Direct Ascorbic Acid Alkaline Membrane Fuel Cells

CHEN He-mu', QIU Chen-xi', CONG Yuan-yuan', LIU Hui-yuan'?,
ZHAI Zi-hui', SONG Yu-jiang"
(1. State Key Laboratory of Fine Chemicals, School of Chemical Engineering, Dalian University of
Technology, Dalian 116024, China; 2. Dalian Institute of Chemical Physics, Chinese Academy of
Sciences, Dalian 116023, China)

Abstract : In order to improve the hydrophilicity and electrocatalytic activity, commercial carbon black (BP 2000) was subjected
to acid treatment to obtain acid-treated carbon (ATC). The generation of rich oxygen-containing groups on the surface of the ATC
was proved by X-ray photoelectron spectra (XPS), Fourier transform-infra red spectra (FTIR), thermogravimetric analysis (TG) and
contact angle measurement. UV-vis spectra were firstly recorded to calculate activation energy (£a) of ascorbic acid (AA) chemical
oxidation in alkaline conditions by oxygen in air and the Ka value was determined to be 37.1 kJ-mol". Additionally, electrochemi-
cal impedance spectra (EIS) were used to evaluate unprecedented Eammn 0f ATC as electrocatalysts toward ascorbic acid (AA)
oxidation in alkaline media. The Ea geummen Values of electrochemical oxidation in alkaline membrane electrode assembly (MEA)
setup of a single cell without and with ATC as the anodic electrocatalysts were calculated to be 34.5 and 26.5 kJ-mol”, respectively.
The diminished Eageomen Suggests that ATC does function as an effective anodic electrocatalyst. Furthermore, the ATC was applied
in direct ascorbic acid alkaline membrane fuel cell (DAAFC) for the first time. We optimized a series of parameters for the fabrica-
tion of MEASs including catalyst coated membrane (CCM) or catalyst coated gas diffusion layer membrane (CDM), loading of anodic
electrocatalyst, and ionomer content in the electrocatalyst slurry. It turned out that the CCM with the ATC loading of 0.5 mg-cm™
and 25wt% ionomer reached a high power density of 18.5 mW -cm?, which is higher than that of using PtRu/C as anodic electrocat-
alyst (less than 5.0 mW -cm?). In addition, the DAAFC fed with 15 mL-min" of the fuel containing 0.5 mol-L"' AA and 1 mol-L"
NaOH agq. could stably hold a power density at 4 mW - cm? for 25 min.

Key words: direct ascorbic acid alkaline membrane fuel cells; carbon; anodic electrocatalysts; activation energy; acid treat-

ment
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Since liquid fuel like methanol bears apparent
advantages in safety, storage, and production com-
pared with gas counterparts!, direct liquid fuel poly-
mer electrolyte membrane fuel cells have attracted a
great deal of attention. However, fuel crossover and
toxicity have somehow hindered practical applica-
tions!". In this regard, researchers have been seeking
the substitute of methanol for decades and found
molecules (ethanol™ and formic acid®™) may serve as
reasonably good candidates. In particular, biomass

based fuel molecules such as glycerol™, glucose™!,

Document Code: A

lignin, urea™, and ascorbic acid (Vitamin C, AA)
are becoming the focus because of the abundance,
safety, carbon neutral recyclability™. It is necessary to
point out that AA has two hydroxyl groups in the
molecular structure and can be readily oxidized®, thus
a high power density is highly expected.

In the field of the anodic electrocatalysts toward
electrochemical oxidation reaction of AA, noble met-

21" photoelectric materials ', and

als ' polymer !
carbon'? have been explored. Carbon shows a much

better activity than other electrocatalysts and the
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highest power density of 18 mW -cm? was attained in

U7 Previous

acidic operating conditions of DAAFCs
studies showed that ATC could more efficiently cat-
alyze electrochemical oxidation of AA in acidic and
neutral conditions owning to the change in surface
groups after acid treatment!"*'?,

AA has been proved to be oxidized more easily
in alkaline media than in acidic media®. Although the
mechanism of AA electrooxidation in alkaline media
is still elusive, the generation of ascorbate and dike-
toguloconate represents AA deep degradation®., This
well explains a higher open circuit potential (0.7 ~ 0.9
V) in alkaline membrane fuel cells than that in acidic
membrane ones (0.5 ~ 0.6 V)!"-2'. Some noble metals
have been applied as anodic electrocatalysts in
DAAFCs™ however, carbon electrocatalysts have
not been reported prior to this study.

In this study, acid treatment was applied to com-
mercial carbon black that was utilized as an anodic
electrocatalyst in DAAFC. The Ea of AA (electro)-
hemical oxidation in alkaline conditions was investi-
gated by UV-vis and EIS. For the first time, the elec-
trocatalytic effect of ATC on AA electrooxidation in
alkaline media was clearly identified. Furthermore,
the MEA fabrication method, the anodic electrocata-
lyst loading, and the ionomer content were optimized
so that a high power density of 18.5 mW -cm? was
achieved. In addition, the stability of the single cell

was briefly assessed.
1 Experimental

1.1 Chemicals and Materials

Ultrapure water (18.2 MQ -cm at 25 °C, Synergy
UV, France) was used throughout in this research
(simplified as water in the following unless otherwise
stated). AT-1 Anion exchange membrane (40 wm)
and alkaline ionomer suspension (2wt%, Shanghai
Hephas Energy Corporation) were applied in
DAAFCs. Black Pearls 2000 (BP2000, Cabot) was
suspended in 3 mol-L"' HCl aq. for 1 h at 30 °C and 4
mol -L! HNO; aq. for 1 h at 80 °C under stirring.
Next, the carbon was washed by copious amount of
water until the filtrate reached neutral pH. Finally,

the carbon was dried in an oven at 65 °C under vacu-

um for future use and labeled as ATC. Anodic gas
diffusion layer (0.19 mm in thickness, TORAY TGP-
H-060) was soaked in 5 mol-L"' HNO; aq. for 6 h at
80 °C, and washed and dried as above.
1.2 MEA Fabrication and Single Cell Tests

Anodic electrocatalyst layer was prepared by
spraying electrocatalyst ink (2 mg-mL", VeV etana =
1:9™21 the ionomer content ranged from 10wt% to
50wt%) onto AT-1 membrane (CCM method) or onto
gas diffusion (CDM) with a loading of 0 ~ 0.5 mg-cm™
Similarly, cathodic electrocatalyst (Pt/C, 60wt%, John-
son-Matthey, loading 0.4 mgp -cm?) layer was pre-
pared on the other side of the membrane by using an
ink™ of 2 mg - mL" (V waer: V sttanot: Vionomer = 1:9:0.25).
The obtained MEAs were immersed in 1 mol -L"
NaOH agq. for 48 h and briefly rinsed with water. In
the following, the MEAs were sandwiched between
untreated (cathode) and treated (anode) gas diffusion
layers by hot pressing at 40 °C and 6 MPa for 2 min.
The MEAs were assembled in fuel cell hardware
(FX201-2D, Kunshan Sunlaite New Energy Technol-
ogy Co. Ltd, P. R. China) with a 4 cm? active geomet-
ric area. Single cell tests were all performed at 75 °C
unless otherwise stated on a self-made fuel cell test sys-
tem with an electronic load (PLZ1004WH, Kikusui).
Liquid fuel containing 0.5 mol-L"' AA and 1 mol-L"
NaOH aqueous solution (Sinopharm Chemical Rea-
gent Co. Ltd) was continuously pumped by a peri-
staltic pump to the anode side (15 mL-min™) and hu-
midified oxygen (100% RH) was supplied to the cath-
ode side (200 mL-min™).
1.3 Characterizations

EIS of DAAFC were recorded in pseudo-poten-
tiostatic mode on AUTOLAB electrochemical work-
station (PGSTA302N, Metrohm). XPS were measured
on an ESCALAB™ 250Xi photoelectron spectrome-
ter (Thermo Fisher) with Al K, X-ray as an excitation
source. FTIR and UV-vis adsorption spectra were
recorded on FTIR spectrometer (6700, Thermo Fish-
er) and UV spectrophotometer (S600, Analytic Jena),
respectively. TG curves were performed on TGA
(Q600, TA Instruments). The surface hydrophilicity

of carbon was examined on contact angle measuring
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instrument (DSA100, KRUSS).

2 Results and Discussion

2.1 Acid Treatment of Carbon

Acid treatment of carbon has been shown to be
an effective method for the improvement of electro-
catalytic activity toward AA oxidation in acidic™® and
pH neutral™ conditions. A similar phenomenon may
also exist in alkaline conditions, and thus we treated
BP2000 with acid (see details in experimental). A
major difference between ATC and the pristine
BP2000 is the quantity of oxygen-containing groups
(OCG) on the carbon surface. According to XPS (Fig.
1A), high-resolution Cls spectra can be de-convolut-
ed into C-C (284.6 ¢V), C-0O (286.2 eV), C=0 (287.0
eV), and COOH (288.2 €V) peaks™. The peak areas
of C-O and COOH increase from 6.18% and 1.49%
t0 9.95% and 3.04%, respectively, after the acid treat-
ment. So, the enhanced OCG of ATC originates from
the formation of C-O and COOH groups. This result

was also proved by FTIR in Fig. 1B. Compared with
the BP2000, the appearance of C=0 (1680-1850 cm™)
and C-O (1100-1300 cm™)™ in the ATC verifies the
existence of more OCG on the ATC surface. Since
more OCG are formed after the acid treatment, the
ATC should adsorb more water. This is confirmed by
TG analysis as shown in Fig. 1C that the ATC ad-
sorbs 15wt% more water than the BP2000. Similarly,
we also treated gas diffusion layer with acid. The
contact angle of the gas diffusion layer after acid
treatment decreases from 140.2° to 76.5° (Fig. 1D).
As a result, the hydrophilicity of the gas diffusion
layer is improved, and thus the diffusion of AA aq.
might become much easier™.
2.2 Evaluations of Activation Energy
UV-vis measurements were conducted to calcu-
late the Ea of chemical oxidation of AA in air in ba-
sic solution. When the molar ratio of AA/OH" was

1/2, the main absorption peak centered at about 267
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Fig. 1 (A) High-resolution C1s spectra of XPS, (B) FTIR spectra (all spectra have been taken after making pellets using KBr),

(C) TG curves (all samples had absorbed water for 24 h in water-saturated air before the tests, and the ramping rate was

10 °C-min™) of the BP2000 and the ATC, (D) Contact angle analysis of gas diffusion layers before and after acid treatment.
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nm (Fig. 2) can be assigned to de-protonated AA (de-
prived of one hydrogen atom, AH") that is the main
species in an alkaline condition®”. In Fig. 2A-E, the
absorption maxima (A) decline to zero at five temper-
atures (15 °C, 25 °C, 35 °C, 45 °C, 55 °C) in a few
hours, indicative of the chemical oxidation of AA by
air. The obtained A values are linearly correlated to
the concentration of AH™ (c ). According to the first
order reaction model (In(cy/cano) = -kt), the reaction
rate (k) was fitted at different temperatures. Further-
more, the Fa value was calculated to be 37.1 kJ-mol”

0.8 15 °C 0 min 10 min
0.7 17 min 20 min
0.6 27 min 31 min
0.5 36 min 45 min
p 55 min 65 min
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for the first time by linear fitting Arrhenius Formula
(In(k) =1In(A) - Ea/RT).

The Eaewmman fOr AA electrooxidation in a single
cell of DAAFCs was calculated based on EISP',
Since in the low-frequency region, the mass transfer
is mainly limited by Warburg diffusion"”, the charge
transfer resistance in the high-frequency region was
analyzed in order to determine the value of the charge
transfer resistance (R). Given the fact that AA elec-
trooxidation is too complicated to accurately analyze

each reaction step, simplification is needed for the
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AL 0
0.7 23%C | b i
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Fig. 2 UV-vis spectra of AA chemical oxidation in alkaline media at 15 °C (A), 25 °C (B), 35 °C (C), 45 °C (D), and 55 °C (E),
and the fitting plot (F) of activation energy with a quartz cuvette of 1 cm path-length.
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calculation of R, As shown in Fig. 3A-B, curves
were fitted in semicircles of which the diameter cor-
responds to the value of R . Similar to the Fa calcula-
tion, Fagemwamen values with and without ATC as the
anodic electrocatalyst were calculated by linear fit-
ting to be 26.5 and 34.5 kJ -mol”, respectively, as
shown in Fig. 3C. Eaumomen With ATC decreases more
than 30% as compared with Ea, verifying the expect-
ed electrocatalytic activity of ATC toward AA oxida-
tion in alkaline condition. For the case of no ATC
was used in the single cell of DAAFCs, the electro-
catalytic activity of acid treated gas diffusion layer
should contribute to the slight decrease in Fa, which
is also displayed in Fig. 4D.

2.3 Single Cell Performance Enhancement

of DAAFCs
The power density for the single cell of

DAAFCs fabricated with the pristine BP2000 was
11.0 mW-cm?, lower than that (15.5 mW -cm?) of fab-
ricated with the ATC as shown in Fig. 4A. The main
difference between ATC and BP2000 is the quantity
of OCG, which was identified by Fig. 1. Because the
AA is negatively charged in the solution and the
OCG makes the carbon surface positively charged,
the increment of the OCG may be beneficial to the
adsorption of negatively charged AA onto the surface
of the ATC™, The OCG may also enhance its affinity
towards the solvated electrolyte and electroactive
species through electrostatic forces!"”. Similarly, the
OCG on the carbon surface decreases the contact an-
gle of gas diffusion layers and makes it more hy-
drophilic (Fig. 1D), and thus the diffusion of AA aq.
might become much easier, which may also con-

tribute to the performance improvement of DAAFCs.
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Fig. 3 Nyquist plots of single cells of DAAFCs fabricated with (A) and without (B) the ATC as anodic electrocatalyst at open

circuit potential for different temperatures. All MEAs in single cells were performed on a house-made fuel cell test sys-

tem. Liquid fuel containing 0.5 mol-L' AA and 1 mol-L"' NaOH aqueous solution was continuously pumped by a peri-

staltic pump to the anode side (15 mL-min") and humidified oxygen (100% RH) was supplied to the cathode side (200

mL-min™). (C) Fitting polts of activation energy based on (A) and (B).
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Carbon materials have been previously identified to

function as anodic electrocatalysts superior to noble

metals toward AA oxidation in acidic™ and neutral!™

conditions. In this study, we demonstrated that the
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ATC performs better than PtRu/C that usually serves

as the anodic electrocatalyst toward AA oxidation in

anion exchange membrane fuel cells. As shown in

Fig. 4B, the power density of the single cell fabricated
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Fig. 4 Polarization and power density curves of MEAs fabricated differently: (A) CCM using BP2000 and ATC at a loading of
0.5 mg-cm? and 20wt% ionomer; (B) CCM using ATC and PtRu/C (60wt%, Johnson-Matthey) as the anodic electrocata-
lyst at a loading of 0.5 mg-cm? and 20wt% ionomer content; (C) CCM and CDM of 0.5 mg-cm™ ATC loading with
20wt% ionomer content; (D) CCM of 0, 0.1, 0.2, 0.4, 0.5 mg-cm? ATC with 20wt% ionomer; (E) CCM of 0.5 mg-cm?
ATC loading with 10wt%, 15wt%, 20wt%, 25wt%, 30wt%, 35wt%, 50wt% ionomer. (F) Voltage-Time curves for the single
cell of DAAFCs at 75 and 25 °C with a constant current density of 20 mA -cm?and a 15 mL-min™ liquid fuel solution circu-

lation. All MEAs were evaluated on a self-made fuel cell test system. Liquid fuel containing 0.5 mol-L"' AA and 1 mol-L"

NaOH aqueous solution was continuously pumped by a peristaltic pump to the anode side (15 mL-min") and humidified
oxygen (100% RH) was supplied to the cathode side (200 mL-min™).
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with PtRu/C is less than 5 mW -cm?, much lower that
of the ATC (15.5 mW-cm?).

Though the single cell performance of the ATC
was improved by acid treatment, the optimization in
other aspects is still necessary to further enhance the
DAAFCs performance. The MEA fabrication method
can influence the performance of DAAFCs as shown
in Fig. 4C. At the loading of 0.5 mg-cm?, the DAAFC
fabricated with CDM shows a power density of 10.0
mW -cm? inferior to that of CCM (15.5 mW-cm?). As
a result, the CCM approach has been adopted in the
following paragraph.

Furthermore, the increase of the ATC loading
has a positive effect on the performance of DAAFCs.
As shown in Fig. 4D, the ideal loading of the ATC
turned out to be 0.5 mg-cm?. A higher ATC loading
causes the falling off of the ATC from the membrane.
It is worth to point out that the power density of
DAAFCs remains at 7.0 mW-cm™ for the case at zero
ATC loading, indicative of the electrocatalytic effect
of acid treated gas diffusion layer to AA electrooxi-
dation!”,

The ionomer content in the slurry of the ATC
was also investigated. The optimal content of
ionomer seems to differ from other studies possibly
due to the special hydrophilicity of the ATC!", As
shown in Fig. 4E, when the ionomer content is less
than 25wt%, the single cell power density increases
from 8.4 to 18.5 mW -cm? with more ionomer con-
tents. Considering the adhesive function of ionomer
in binding MEA tightly, in certain range, the lack of
ionomer may cause unstable adhesion and possible
falling off of ATC. As the ionomer content increases
to over 25 wt%, the electrical conductivity of the
ATC, and the contact between AA and carbon may
be disturbed. As a result, the power density of
DAAFCs decreases with the continuous increases of
ionomer content to over 25wt%. The optimum iono-
mer content appears to be 25wt% with a power densi-
ty of 18.5 mW-cm™

Finally, the stability of DAAFCs was briefly in-
vestigated. The wvariation in the cell voltage of
DAAFC at a current density of 20 mA - cm? with the

elapsed time is shown in Fig. 4F. The power density
declined to 4 mW -cm? in 25 min at 75 °C with the
decrease of the voltage of DAAFC (Power density =
Voltage - Current density). Furthermore, the stability
test was also conducted at 25 °C and the power densi-
ty dropped to 2 mW -cm? in 25 min. The attenuation
of the power density may be caused by the chemical
oxidation of AA and electrochemical consumption,
as evidenced by the darkening of the AA fuel®.

3 Conclusions

After acid treatment, the enriched OCG on the
carbon surface can improve the electrocatalytic activ-
ity toward alkaline electrochemical AA oxidation.
The Fa values in air, and Fag.uomen Values without and
with the ATC as an anodic electrocatalyst were cal-
culated to be 37.1, 34.5 and 26.5 kJ -mol”, respec-
tively, verifying the electrocatalytic effect of the ATC
for the first time in the alkaline conditions. The MEA
fabricated by CCM with a loading of 0.5 mg-cm™ and
25wt% ionomer content reaches a high power density
of 18.5 mW -cm™ The stability test reveals that the
single cell of DAAFCs can basically be operated sta-
bly.
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1 . ol A A 3 P R SR K P 2 R B BB (BP2000) HE AT T R AL B, $A5 T BR AL AR (ATC). i@ X
SEHL T RETE LA G | BT R 1 I 5R P 2 A D I W T TR A B AR AT A TR I R R AL AR SO IR
I 2R AN AT LS5 03 T B A R BRI 1R (AA) 7E 28 b i Ak 2F SR AT AR RE L 25 2R R 37.1 KJ-mol™. 3 4k FIL A
2 3 BT X M 2% 0 N ATC A o i AR B AA A STk 52 R O 6 AL BE AT T PRA . BlME 4518 T, AA FE s
WA TG ATC RUEALFZE S 08 F M3% AL BE 2 5 M 26.5 F1 34.5 kT -mol”, 1%L AERI MR L B ATC & — A 2%k 1
FRAR F i AR VR 2K ATC W H T B2 ME I AA AR i (DAAFCs) 1 Jy BEAR FL AL 57, OF B X DAAFC h—
FRINSHAAT T OAL A3 AL TE B (CCM) 8 <A HUZ (CDM) b 1 W8 94 77 125 | BEAR B A A6 700 119 2 ot | BRI o
AL B R S H . g5, SR CCM (% 58 H B i 45 07 7 .0.5 mg-cm? (1 ATC 2 i 25wt% 1) il 1
REWERIMN LI, DAAFCs Bt (1 T 5% 2 1] 35 18.5 mW - cm?, 32 = T4l F 7 & PtRw/C (5 mW - cm®) {8 B # H2
AL 0 B b, 7 i b, AT 1 mol- L NaOH /K% H 9 0.5 mol- LT AA 1E R85 K} (3£ 15 mL-min™),
DAAFCs it (1) T 5% B 7] LLFE 25 min N 4EF57E 4 mW-cm? LA | (75 °C).

HEIR] ;B HE WD I R AR R 5 5 R rh A ) 5 9 Akl 5 1R Ak B



	Acid Treated Carbon as Anodic Electrocatalysts toward Direct Ascorbic Acid Alkaline Membrane Fuel Cells
	Recommended Citation

	tmp.1677736764.pdf.mfheL

