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Metal-Catalyst-Free Carbohydrazide Fuel Cells with Three-
Dimensional Graphene Anodes

Ji Qi,”! Neeva Benipal,” Hui Wang,™ David J. Chadderdon,” Yibo Jiang,”” Wei Wei,” Yun

Hang Hu,*®" and Wenzhen Li*®

As a potential solution to concerns on sustainable energy, the
wide spread commercialization of fuel cell has long been hin-
dered by limited reserves and relatively high costs of metal
catalysts. 3D graphene, a carbon-only catalyst prepared by re-
duction of carbon monoxide with lithium oxide, is found to
electrochemically catalyze carbohydrazide oxidation reaction
efficiently. A prototype of a completely metal-catalyst-free
anion exchange membrane fuel cell (AEMFC) with a 3D gra-
phene anode catalyst and an N-doped CNT (N-CNT) cathode
catalyst generate a peak power density of 24.9 mWcm . The
average number of electrons electrochemically extracted from
one carbohydrazide molecule is 4.9, indicating the existence of
C—N bond activation, which is a key factor contributing to
high fuel utilization efficiency.

Catalysts using precious metals, such as platinum, palladium,
gold, and rhodium, are one of the most expensive components
of low-temperature fuel cell. To explore sustainable energy sol-
utions, there is an urgent need to design highly efficient and
cost-effective catalytic materials for the conversion of the
chemical energy stored in chemicals into electricity. So far, on
the cathode side of low-temperature fuel cells, catalysts for the
oxygen reduction reaction (ORR) have evolved from noble
metal (platinum) to non-noble metal (Me) Me/N/C macrocycle
composites,"® and finally to metal-free nitrogen-doped car-
bons.**! On the anode side, research interest was first focused
on a reduction of the noble-metal loading, and later on re-
placement with non-noble-metal catalysts for electro-oxidation
of hydrogen,®” alcohol,®® and hydrazine."®' Nevertheless, it
is still very challenging to replace metal catalysts on the anode
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side of low-temperature fuel cells by non-metal catalysts, fol-
lowed by achieving the total removal of metal catalysts from
fuel cells.

Although serving as metal-free heterogeneous catalyst (in
carbocatalysis),">'? carbon, which is inexpensive, abundant,
and (electro)chemically stable, has been widely used as inert
catalyst support in fuel cell anodes. Since its discovery™ gra-
phene has been regarded as a rising star in various areas of
science and engineering."” Aimed at developing completely
metal-catalyst-free fuel cells, three-dimensional graphene (3D
graphene) carbon materials have been proposed as fuel cell
anode catalysts for oxidation reactions. Because carbon is free
from poisoning by many chemicals, such as CO-like reaction in-
termediates and sulfur, future fuel cells with graphene anode
catalysts could utilize unpurified crude chemicals as fuel. More-
over, the use of metal nanoparticles as fuel cell catalysts entails
agglomeration issues, which would also be solved by adopting
graphene carbon material.

So as to employ metal-free graphene materials as fuel cell
anode catalyst, an active fuel with a strong reducing capability
is required to ensure an oxidation reaction with sufficiently
high thermodynamic electromotive force. As a high-energy
molecule, hydrazine contains readily activated N—H bonds, ren-
dering it a suitable potential fuel for anion exchange mem-
brane fuel cells (AEMFCs) without noble-metal catalyst. Specifi-
cally, nickel-based anode catalysts dominate the state-of-the-
art of low-temperature direct hydrazine/oxygen fuel cells (Sup-
porting Information, Table S1). Despite high reactivity, hydra-
zine’s high toxicity to the central nerve system of human re-
mains a real concern for its extensive applications. With a volu-
metric energy density of 4.2 kWhL™', carbohydrazide is a non-
toxic alternative to hydrazine because the equilibrium electro-
motive force under standard conditions of carbohydrazide/O,
fuel cell (+1.65V) calculated from thermodynamic data® is
superior to those of hydrazine/O, (+1.62V), ethanol/O, (i.e.,
< +1.17V), and H,/0, fuel cells (+1.23 V); see (Table 1).

CHgN,O + 8OH™ — CO, + 7H,0 + 2N, + 8e"

. (1)
E° = —1.25V vs SHE

20, +4H,0+8e — 8OH"

Houghton, MI 49931 (USA) (2)

[c] Y. Jiang E° = +0.40V vs SHE
Department of Civil & Environmental Engineering
Michigan Technological University CH¢N,O+20, — CO, +3H,0+ 2N, 3)
Houghton, MI 49931 (USA o

oughton UsA) E° = +1.65V
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Table 1. Thermodynamic data of different oxygen-based fuel cells.

Fuel Final n® P Wl g
product %! [KWhL™"] [%] [%]
hydrogen H,0 2 123 26(liquid) 100 83.3
ethanol acetic acid 4 117 21 333 918
Cco, 12 114 64 100 96.9
hydrazine N, 4 1.62 3.5(hydrate) 100 99.9
carbohydrazide  CO,+N, 8 165 4.2(solid) 100 95.6

[a] Number of electrons extracted from a single reactant molecule.
[b] Equilibrium electromotive force under standard condition. [c] Volumet-
ric density. [d] Electron efficiency. [e] Thermodynamic efficiency AG/AH.

Full oxidation of carbohydrazide generates 8 electrons per
carbohydrazide molecule [Egs. (1)-(3)] with a thermodynamic
efficiency of 95.6% (Table 1).

In the present work, taking into account materials and reac-
tion factors, metal-catalyst-free fuel cells are designed for ex-
ploiting three-dimensional graphene (3D graphene) anode cat-
alyst with crater-shaped projection for the electrocatalytic car-
bohydrazide oxidation reaction (CBOR). Among all tested sam-
ples, the 3D graphene exhibits the highest peak current densi-
ty in a half cell as well as the highest peak power density
(PPD) in a single cell. A prototype of a completely metal-cata-
lyst-free AEMFC with a 3D graphene anode catalyst and a nitro-
gen-doped carbon nanotube (N-CNT) cathode catalyst is dem-
onstrated.

As shown in Figure 1a, the crater-structured nanoscale cells
on 3D graphene protrude from the basal plane, thereby in-
creasing the surface area of each single graphene sheet. The
3D graphene (Figure 1a) greatly differs from graphene nano-
platelets with a flat micrometer-scale 2D structure (Supporting
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Figure 1. Bright field transmission electron microscopy (TEM) images of 3D
graphene treated with a) diluted hydrochloride acid, and b) concentrated
hydrochloride acid. Dark field TEM images of c) 3D graphene and d) en-
larged local area.
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Information, Figure S1). Moreover, by comparing Figure 1a and
Figure 1b, it can be concluded that diluted hydrochloric acid
maintains the dedicated crater-shaped projections on 3D gra-
phene and avoids agglomeration while concentrated hydro-
chloric acid does the opposite. The diameters of these crater-
shaped projections were further investigated by dark-field
transmission electron microscopy (TEM) (Figure 1c and Fig-
ure 1d), and measured to be between 60 nm to 150 nm while
their thickness ranged from 7 nm to 20 nm.

Cyclic voltammetry results show that carbon is active to-
wards CBOR (Figure 2). The activity sequence, in terms of peak

22 -

20 | :

18 [ "
o ,'.
£ 16 S
) '
< M S
E 12 + .
2> 1of / A
g R Lo
@ N 0.4 03 0.2 01 R/
T 6 Potential/V vs. MMO
‘E L
) 4
£
3 2+
© I

0 -

2 L 1 N 1 L 1 " 1 N 1 L 1

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

Potential / V vs. MMO

Figure 2. Cyclic voltammograms of 3D graphene, 2D graphene, and glassy
carbon for carbohydrazide oxidation in N,-purged 1.0 M KOH +0.1 m carbo-
hydrazide at 50 mVs ' at RT.

current density and onset potential, is 3D graphene
(20.1 mAcm™ and —0.42 V) > 2D graphene (10.2 mAcm~ and
—0.32 V) >glassy carbon (6.1 mAcm™ and —0.21 V). These dif-
ferences are due to the different catalyst layer structures of 3D
graphene (3D microscale catalyst layer with nanoscale cells),
2D graphene nanoplatelets (microscale flat surface), and glassy
carbon electrode (bulk flat surface).

The electrocatalytic properties of carbon towards CBOR were
then evaluated in AEMFCs with a metal-free carbon (carbon
cloth, 2D graphene or 3D graphene) anode catalyst and
a noble-metal-free iron-based cathode catalyst (Acta 4020)
(Figure 3a). The open circuit voltage (OCV) of the direct carbo-
hydrazide AEMFC with the 3D graphene anode catalyst was
0.594 V, which is 21 mV higher than that with 2D graphene
(0.573V) and 41 mV higher than that with a carbon cloth
blank substrate (0.553 V). The PPD of the direct carbohydrazide
AEMFC with the 3D graphene anode catalyst was
752 mWcm™2 which is 78% higher than that with 2D gra-
phene and 5.9 times that obtained with a blank carbon cloth
substrate. The consistent results shown in both half-cell and
single-cell tests reveal the mass activity sequence toward
CBOR for direct carbohydrazide AEMFCs is 3D graphene >2D
graphene > bulk carbon substrate (glassy carbon or carbon
cloth), which can mainly be attributed to two factors: catalytic
activity (associated with surface area and electrode structure)

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Polarization and power density curves of direct carbohydrazide
AEMFCs with different carbon anode catalysts. Anode fuel: 6.0 M KOH, 1.0m
carbohydrazide, 4.0 mLmin~'; temperature (anode fuel/cathode fuel/cell):
25/80/80°C. b) Ohmic resistance of fuel cell corresponding to Figure 3a.

¢) Polarization and power density curves of AEMFC with 3D graphene anode
catalyst operated under different concentration of KOH. d) Chronoamperom-
etry curve for analysis of the average number of electrons electrochemically
extracted per carbohydrazide molecule during carbohydrazide oxidation re-
action (CBOR) catalyzed by 3D graphene anode catalyst in AEMFC. Anode
fuel: 6.0 M KOH+1.0m carbohydrazide, 4.0 mLmin~'; Cell voltage: 0.25 V;
cell temperature: 60 °C. Other testing conditions for all the experiments
above: Anode catalyst loading: 5 Mg, cm 2; Cathode catalyst: Fe-based
catalyst (Acta 4020, 3 mgcm™?); AEM: Tokuyama A901; cathode fuel:

200 mLmin~' O,, ambient pressure.

and electronic conductivity. The specific surface area of 3D gra-
phene (151 m”’g™") is larger than that of 2D graphene
(125 m?g™"). Additionally, the projections on 3D graphene
function as spacers to form a 3D electrode structure, leading
to an even greater number of catalytically active sites for
CBOR. The Ohmic resistance (IR; Figure 3b) of the AEMFC with
the 3D graphene as anode catalyst (10 mQ) was lower than
that with 2D graphene (16 mQ) and carbon cloth substrate
(70 mQ), indicating higher electrical conductivity of 3D gra-
phene, which gave rise to the higher performance of the
AEMFC with the 3D-graphene anode, especially when com-
pared to the performance for the carbon fiber cloth-substrate-
based anode.

The performance of the direct carbohydrazide AEMFC with
the 3D graphene anode catalyst was also dependent on KOH
concentration (Figure 3¢c). Cell voltage increased with increas-
ing KOH concentration over all current regions up to 6.0m
KOH, but further increasing the KOH concentration to 9.0 M re-
sulted in a drop of fuel-cell performance. This trend is attribut-
ed to the balance between facilitated deprotonation of carbo-
hydrazide by higher KOH concentration and the reverse-para-
bolic relationship between KOH concentration and the IR of
the fuel cell. When the KOH concentration was increased from
Om to 12.0m at 60°C, the corresponding electrical conductivity
of the KOH water solution reached a maximum at 6.0-7.0m,"”
resulting in a reverse-parabolic trend of IR with KOH concen-
tration (Supporting Information, Figure S2).
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Fuel utilization efficiency for the CBOR was evaluated after
verifying the feasibility of the AEMFC with the metal-catalyst-
free 3D graphene anode. Unlike hydrazine, the carbohydrazide
molecule has two C—N bonds and one C=0 bond, in addition
to N—H and N—N bonds. Cleavage of C—N bonds is essential
for complete oxidation of carbohydrazide and achieving opti-
mal fuel utilization efficiency. The fuel utilization efficiency is
reflected by the average number of electrons transferred per
carbohydrazide molecule, which is determined by carbohydra-
zide conversion and total charge transfer in the electrocatalytic
CBOR. To evaluate the conversion of carbohydrazide in the
electrocatalytic CBOR, the AEMFC anode outlet stream was an-
alyzed by HPLC. Additionally, the corresponding cell current
was integrated over time to obtain the total charge trans-
ferred. In Figure 3d, the shaded area is equal to the total
charge (1.93 C) transferred during electrochemical CBOR, inte-
grated from 3 to 6 min.

For the direct carbohydrazide AEMFC with the metal-cata-
lyst-free 3D graphene anode, the average electron number of
electrons transferred per carbohydrazide molecule was 4.9,
leading to a 61.3% electron efficiency with respect to com-
plete oxidation of carbohydrazide [Eq.(1)]. The existence of
parallel reaction pathways, including both partial and complete
oxidation, can thus be confirmed. However, taking into ac-
count the electrochemical promotion effect of chemical cata-
lytic reactions (“EPOC”),"®? the real non-Faradaic reaction rate
was likely faster in the electrocatalytic operation than in the
control experiment (only carbohydrazide chemical oxidation).
Therefore, the actual number of electrons transferred in the
electrochemical CBOR should be higher than this apparent
value, which strongly suggests that the nanocarbon itself facili-
tates deep oxidation of carbohydrazide.

After confirming the feasibility of AEMFCs with metal-cata-
lyst-free anode and the corresponding fuel utilization efficien-
cy, a completely metal-catalyst-free direct carbohydrazide
AEMFC (Figure 4a) was prepared by combining 3D graphene
as the catalyst at the anode, A901 AEM as hydroxide ion con-
ductor in the center, and N-CNT as catalyst for the oxygen re-
duction reaction at the cathode; and it achieved a PPD of
249 mWcem™ (Figure 4b). For comparison, a H,-AEMFC with
nickel-chrome anode catalyst and silver cathode catalyst was
developed, generating a PPD of 50 mWcm 2" Direct alcohol
AEMFCs with iron-macrocycle cathode catalysts have also
shown promising PPD values.”'*’ However, iron, nickel,
chrome, or silver metal were still used in the anode and cath-
ode for electro-oxidation of fuels and ORR. Although the PPD
is lower than that of platinum-based proton exchange mem-
brane fuel cells, this metal-catalyst-free AEMFC is proposed as
one option for a future type of fuel cell. Furthermore, it should
be noted that oxygen with 99.99% purity was applied at the
cathode in this work. When more ubiquitous CO,-containing
air is used, a potential concern regarding carbonate precipita-
tion should be considered. This issue could be alleviated by
absorbing CO, in the air with used anode fuel containing ex-
cessive KOH solution. Alternatively, removing liquid KOH from
the current fuel cell system is another potential solution.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) Schematic illustration of completely metal-catalyst-free fuel cell.
b) Polarization and power density curves of completely metal-catalyst-free
direct carbohydrazide AEMFC with 3D graphene anode catalyst

(5 MG caralys: €M 2); AEM: Tokuyama A901; cathode catalyst (1.0 Mgy, €M 2):
N-CNT; anode fuel: 6.0m KOH, 1.0 m carbohydrazide, 4.0 mLmin~'; cathode
fuel: 200 mLmin~" O,, ambient pressure; temperature (anode fuel/cathode
fuel/cell): 25/80/80°C.

In summary, a novel completely metal catalyst-free-direct
carbohydrazide AEMFC with a metal-free 3D graphene anode
catalyst and an N-CNT cathode catalyst has been successfully
developed in this work. These results open a new research
arena for exploring the electrocatalytic properties of advanced
nanocarbon materials and developing inexpensive fuel cells.
Future research efforts, such as modifying the nanocarbon cat-
alysts in order to reduce overpotential, inhibiting non-Faradaic
carbohydrazide oxidation reactions, extracting more electrons
from the electrocatalytic carbohydrazide oxidation reaction,
and minimizing the use of liquid base, should improve the fea-
sibility of current metal-catalyst-free fuel cell technology.
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Experimental Section

Experimental details and additional data can be found in the Sup-
porting Information.

Acknowledgements

We gratefully acknowledge the US National Science Foundation
(CBET-1159448) for funding. J.Q. thanks financial support from
the Chinese Scholarship Council.

Keywords: anodes - fuel cells - graphene - membranes -
oxidation

[1] R. Bashyam, P. Zelenay, Nature 2006, 443, 63 -66.
[2] M. Lefévre, E. Proietti, F. Jaouen, J.-P. Dodelet, Science 2009, 324, 71-74.
[3] G. Wu, K.L. More, C. M. Johnston, P. Zelenay, Science 2011, 332, 443 -
447.
[4] P. Matter, U. Ozkan, Catal. Lett. 2006, 109, 115-123.
[5] K. Gong, F. Du, Z. Xia, M. Durstock, L. Dai, Science 2009, 323, 760-764.
[6] S. Lu, J. Pan, A. Huang, L. Zhuang, J. Lu, Proc. Natl. Acad. Sci. USA 2008,
105, 20611-20614.
[71 M. K. Debe, Nature 2012, 486, 43-51.
[8] X. Zou, A. Goswami, T. Asefa, J. Am. Chem. Soc. 2013, 135, 17242-
17245.
[9] J. Qi, etal., Green Chem. 2013, 15, 1133-1137, see supporting informa-
tion.
[10] K. Yamada, K. Asazawa, K. Yasuda, T. loroi, H. Tanaka, Y. Miyazaki, T. Ko-
bayashi, J. Power Sources 2003, 115, 236 -242.
K. Asazawa, K. Yamada, H. Tanaka, A. Oka, M. Taniguchi, T. Kobayashi,
Angew. Chem. Int. Ed. 2007, 46, 8024-8027; Angew. Chem. 2007, 119,
8170-8173.
[12] D.S. Su, S. Perathoner, G. Centi, Chem. Rev. 2013, 113, 5782-5816.
[13] D.S. Su, J. Zhang, B. Frank, A. Thomas, X. Wang, J. Paraknowitsch, R.
Schlégl, ChemSusChem 2010, 3, 169-180.
[14] K.S. Novoseloy, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubo-
nos, . V. Grigorieva, A. A. Firsov, Science 2004, 306, 666 - 669.
[15] A.K. Geim, K. S. Novoselov, Nat. Mater. 2007, 6, 183-191.
[16] J. Zhang, L. Feng, S. Zhang, H. Zheng, T. Zhang, L. Yang, H. Zheng, Int. J.
Quantum Chem. 2008, 108, 1555-1564.
[17] R.J. Gilliam, J.W. Graydon, D.W. Kirk, S.J. Thorpe, Int. J. Hydrogen
Energy 2007, 32, 359-364.
[18] C.G. Vayenas, S. Bebelis, S. Neophytides, J. Phys. Chem. 1988, 92, 5083 -
5085.
[19] C.G. Vayenas, S. Bebelis, I. V. Yentekakis, H. G. Lintz, Catal. Today 1992,
11, 303-438.
[20] J. Sanabria-Chinchilla, K. Asazawa, T. Sakamoto, K. Yamada, H. Tanaka, P.
Strasser, J. Am. Chem. Soc. 2011, 133, 5425-5431.
[21] C. Bianchini, P. K. Shen, Chem. Rev. 2009, 109, 4183 -4206.
[22] Y.S. Li, T.S. Zhao, Int. J. Hydrogen Energy 2012, 37, 4413 -4421.
[23] J. Qi, L. Xin, D. J. Chadderdon, Y. Qiu, Y. Jiang, N. Benipal, C. Liang, W. Li,
Appl. Catal. B 2014, 154155, 360 -368.

m

Received: September 22, 2014
Revised: October 21, 2014
Published online on December 3, 2014

ChemSusChem 2015, 8, 1147 - 1150 www.chemsuschem.org

1150

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1038/nature05118
http://dx.doi.org/10.1038/nature05118
http://dx.doi.org/10.1038/nature05118
http://dx.doi.org/10.1126/science.1200832
http://dx.doi.org/10.1126/science.1200832
http://dx.doi.org/10.1126/science.1200832
http://dx.doi.org/10.1007/s10562-006-0067-1
http://dx.doi.org/10.1007/s10562-006-0067-1
http://dx.doi.org/10.1007/s10562-006-0067-1
http://dx.doi.org/10.1126/science.1168049
http://dx.doi.org/10.1126/science.1168049
http://dx.doi.org/10.1126/science.1168049
http://dx.doi.org/10.1073/pnas.0810041106
http://dx.doi.org/10.1073/pnas.0810041106
http://dx.doi.org/10.1073/pnas.0810041106
http://dx.doi.org/10.1073/pnas.0810041106
http://dx.doi.org/10.1038/nature11115
http://dx.doi.org/10.1038/nature11115
http://dx.doi.org/10.1038/nature11115
http://dx.doi.org/10.1021/ja407174u
http://dx.doi.org/10.1021/ja407174u
http://dx.doi.org/10.1021/ja407174u
http://dx.doi.org/10.1039/c3gc36955b
http://dx.doi.org/10.1039/c3gc36955b
http://dx.doi.org/10.1039/c3gc36955b
http://dx.doi.org/10.1016/S0378-7753(03)00008-9
http://dx.doi.org/10.1016/S0378-7753(03)00008-9
http://dx.doi.org/10.1016/S0378-7753(03)00008-9
http://dx.doi.org/10.1002/anie.200701334
http://dx.doi.org/10.1002/anie.200701334
http://dx.doi.org/10.1002/anie.200701334
http://dx.doi.org/10.1002/ange.200701334
http://dx.doi.org/10.1002/ange.200701334
http://dx.doi.org/10.1002/ange.200701334
http://dx.doi.org/10.1002/ange.200701334
http://dx.doi.org/10.1021/cr300367d
http://dx.doi.org/10.1021/cr300367d
http://dx.doi.org/10.1021/cr300367d
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1038/nmat1849
http://dx.doi.org/10.1038/nmat1849
http://dx.doi.org/10.1038/nmat1849
http://dx.doi.org/10.1002/qua.21655
http://dx.doi.org/10.1002/qua.21655
http://dx.doi.org/10.1002/qua.21655
http://dx.doi.org/10.1002/qua.21655
http://dx.doi.org/10.1016/j.ijhydene.2006.10.062
http://dx.doi.org/10.1016/j.ijhydene.2006.10.062
http://dx.doi.org/10.1016/j.ijhydene.2006.10.062
http://dx.doi.org/10.1016/j.ijhydene.2006.10.062
http://dx.doi.org/10.1021/j100329a007
http://dx.doi.org/10.1021/j100329a007
http://dx.doi.org/10.1021/j100329a007
http://dx.doi.org/10.1016/0920-5861(92)80002-5
http://dx.doi.org/10.1016/0920-5861(92)80002-5
http://dx.doi.org/10.1016/0920-5861(92)80002-5
http://dx.doi.org/10.1016/0920-5861(92)80002-5
http://dx.doi.org/10.1021/ja111160r
http://dx.doi.org/10.1021/ja111160r
http://dx.doi.org/10.1021/ja111160r
http://dx.doi.org/10.1021/cr9000995
http://dx.doi.org/10.1021/cr9000995
http://dx.doi.org/10.1021/cr9000995
http://dx.doi.org/10.1016/j.ijhydene.2011.11.086
http://dx.doi.org/10.1016/j.ijhydene.2011.11.086
http://dx.doi.org/10.1016/j.ijhydene.2011.11.086
http://dx.doi.org/10.1016/j.apcatb.2014.02.040
http://dx.doi.org/10.1016/j.apcatb.2014.02.040
http://dx.doi.org/10.1016/j.apcatb.2014.02.040
http://dx.doi.org/10.1016/j.apcatb.2014.02.040
http://dx.doi.org/10.1016/j.apcatb.2014.02.040
http://www.chemsuschem.org

