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This work describes hydrogen generation using a heterogeneous chemical system for small scale portable
applications. Hydrogen generation using acidified water and solid sodium borohydride (NaBHy) is pre-
sented. The effects of two modes of contacts — (1) a flow through type and (2) a diffusion type - contact in
a 5mm? device are discussed. The effects of contacting several mineral and benign acids with NaBH, are

compared by monitoring hydrogen yield. Among the mineral acids examined, HCI generates a maximum
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hydrogen yield of 97% of the theoretical yield at 3N concentration. The benign acids are required in higher
concentration compared to mineral acids. Formic acid produces 87% of the hydrogen yield at 12N. The
products of the reaction have been characterized using scanning electron microscopy and X-ray diffrac-
tion. A combination of acid strength, porosity of the interface, and solubility of the byproducts contributes
to the different hydrogen yields in the presence of various acids.
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1. Introduction

Fuel cells have attracted immense interest as energy sources for
portable devices [1]. Hydrogen produced by chemical conversion
of an energy source, can be used by the fuel cells to generate elec-
tricity to power portable devices. Of specific interest to this work
are consumer electronics [2] and devices for defence applications
such as covert reconnaissance operations where miniaturization of
these hydrogen generators are essential [3]. Currently, the hydrogen
generators that power miniature devices typically occupy a signif-
icant fraction of the total device volume. This is a limitation since
large power sources not only make the device bulky, but also com-
promise with the application of the systems (such as arthropods
used in reconnaissance missions). The challenges lie in miniatur-
ization of the energy source to a fraction of the device size [4,5].
Another limiting factor in employing fuel cell in portable devices,
is the selection of appropriate hydrogen source that can produce
hydrogen with a high efficiency [6,7]. An ideal energy source is one
that has minimal weight and volume, occupies a small fraction of
the device volume, and still produces enough hydrogen efficiently
from the standpoint of long-term operations.

* Corresponding author at: Chemical and Metallurgical Engineering Department,
Room 310, LMR 474, Mail stop 388, University of Nevada, Reno, NV 89557, USA.
Tel.: +1 775 784 4686; fax: +1 775 327 5059.

E-mail address: ravisv@unr.edu (V. Subramanian).

0378-7753/$ - see front matter. Published by Elsevier B.V.
doi:10.1016/j.jpowsour.2008.10.060

The light elements of I, Il and III group (Li, Na, Mg, B, and Al)
form a variety of metal hydrogen complexes [8]. The hydrides
of boron (tetrahydrides) have been of primary interest as they
react with water to generate high purity hydrogen in fuel cells
[9,10]. Among tetrahydrides, sodium borohydride is an attractive
solid source of hydrogen due to its high gravimetric energy den-
sity (9300Whkg~1)[11]. Sodium borohydride reacts with water
and generates hydrogen gas of high purity [12,13]. However, this
reaction is sluggish due to pH shift by stabilized borate ion. Since
the rates of hydrolysis are slow, metal catalysts are often used to
improve kinetics [14]. Recently, metal borides such as CoB and NiB
have been used as catalyst for hydrogen generation and demon-
strate high rates of hydrogen release with better kinetics compared
to pure metal catalyst [15-19]. The above studies have been per-
formed with sodium borohydride (NaBH,) stabilized in alkaline
solution (1-10% NaOH or KOH) using generators that are large (sev-
eral centimeters in dimensions).

Small scale devices have space constraints. Alkali stabilized
NaBH,4 systems typically require the use of Co-Catalysts for efficient
hydrogen production [20-22]. If one considers using catalysts in
microdevices, aspects such as catalyst activity, additional complex-
ity associated with loading and uniform distribution of the catalyst,
and loss of volume associated with the catalyst has to be consid-
ered. Alternately, the use of solid NaBH4 powder instead of alkali
stabilized borohydride can allow implementing simpler methods to
load the hydrogen generator made of silicon, which is the standard
material for miniature device fabrication [23,24].
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Fig. 1. The schematic diagram of the small scale hydrogen generator: (a) flow through type (R; ), (b) diffuse through type (R, ), and (c) the experimental setup and cross-sectional

view of R,. (Dimensions of the generators Ry and R, are provided in Table 1.)

Hitherto production of hydrogen by contacting liquid with a
solid source of hydrogen in miniaturized device and the effects of
hydrogen generator design on hydrogen yield is not yet examined.
In this paper we examine the hydrogen yield from NaBH4 powder
using two custom built small scale devices of 5mm?3 volume. The
effect of catalyst-free production of hydrogen using various acids
as accelerators of hydrolysis rates has been examined. The reaction
products formed in the presence of different acid accelerators and
their effects on the hydrogen generation has been examined using
scanning electron microscope and X-ray diffraction.

2. Experimental details
2.1. Materials

The mineral acids HCI, H,SO4, HNO3, H3PO,4 and carboxylic
acids, HCOOH and CH3COOH were purchased from BDH-Aristar
(VWR, 36.5-38% assay). Sodium borohydride powder was obtained
from Sigma-Aldrich (Rohm and Hass, reagent grade >98.5%). DI
water (1.2 MS2 resistance), obtained from an in-house Millipore®
water purification system, and was used to prepare stock solu-
tion of acids at different concentrations. Experiments involving
water alone were also performed with Millipore DI water. X-
ray diffraction (XRD) was performed using a Philips APD 1740
system equipped with a graphite crystal monochromator and
Cu Ko radiation (A=1.54A) between the 26 range of 20-80°.
XRD was carried out using specially prepared polished quartz

Table 1

cut 6° from (0001) crystal plane with a cavity of dimension of
3 mm diameter and 1 mm depth (Gem Dugout X-ray Diffraction
Products). A field emission-scanning electron microscope (FESEM,
Hitachi, S-4700) was used to analyze the morphology of the reac-
tion products. Due to the hygroscopic nature of NaBHy, all the
parts of the reactor were completely dried prior to starting an
experiment and the NaBH4 was loaded into the generators in a
glove box. Stoichiometric amount of liquids were added to obtain
hydrogen.

2.2. Generator design and calculations

2.2.1. Flow through type generator (R;)

The two hydrogen generators were designed with a volume of
5mm?3 and fabricated with Teflon® as the base material. In the first
generator (R;), threaded hollow connectors containing two tubes
(feed and gas tubes) made of Teflon® are snugly fit on the inside of
the housing on either sides on the Teflon® block as shown in Fig. 1a.
Both flow screws are threaded to the Teflon® base through an O-
ring to prevent the leakage of water at the feed end and at the gas
end towards the exit. The detailed dimensions of the generators are
provided in Table 1 and an exploded view of the generator assembly
is provided in supplementary figure S1. A porous ceramic frit is
placed at the gas outlet side of the hollow connector, to allow only
the gas to diffuse out of the reaction chamber. This also helps in
retaining the liquid reactant and assist in the complete utilization
of liquid for hydrolysis of sodium borohydride.

Dimensions of the flow through type (Ry) and the diffusion type (R;) hydrogen generators.

Specifications

Dimensions of the hydrogen generators

Ry

Rz

Teflon block housing (length x width x height) 15mm x 15 mm x 12 mm
Threaded hole (diameter, length) 6 mm, 5 mm

Threaded depth in the reactor 5mm

Reaction chamber (depth, width) 1.6 mm, 2 mm

Volume of the reaction chamber 5mm3

Diameter of reactant inlet and gas outlet tubes 1 mm

Frit before gas outlet thread (diameter, thickness=3.5, 1.6 mm)

25mm x 25 mm x 15 mm
11 mm

7 mm

1.6 mm, 2 mm

5mm?>

1mm
Distance between micro-channel =3 mm

Feed tube diameter =2 mm, gas tube diameter=2 mm
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2.2.2. Diffusion through type generator (R,)

In the second generator (R,), the liquid reactant is contacted
with the NaBH4 by the downward movement while the gener-
ated hydrogen flows upwards through a nearby exit. Unlike Ry, this
design does not require a frit to prevent the movement of solid reac-
tants. A 50 pwl Hamilton® syringe mounted over a syringe pump was
used to deliver controlled quantities of liquid into the generators
using the feed tube. The flow of liquid in R, is also facilitated by
the capillary action of a fine channel from the reactor inlet to the
reaction chamber as shown in Fig. 1b. Therefore pressure drop is
expected to be lower in R, than in R;. As the gas flows upward,
movement of solid particles from the reaction chamber can be
avoided. The hydrogen evolved is collected by the gas displacement
method as shown in Fig. 1c.

2.2.3. Calculations
The theoretical hydrogen yield from NaBHy, is calculated on the
basis of the following reaction:

NaBH, 4+ 2H,0 — NaBO, + 4H, 1)

One mole of NaBH4 reacts with two moles of water producing
four moles of hydrogen. This translates to 905 mm? of hydrogen per
mm? of reactants at NTP conditions. The reactants include stoichio-
metric amounts of water and NaBH,4. The volume of acidified water
is assumed to be negligibly different from plain water and hence
all calculations are reported with respect to water. The percent
hydrogen yield is calculated based on the ratio of actual hydro-
gen obtained (mm?3) to the theoretical hydrogen (905 mm?3) at NTP
conditions.

The flow rate of liquid reactants was fixed at 1 .l min-! Such
low flow rates mimic the contacting processes in miniaturized
devices [25,26]. The low flowrate allows enough time for intimate
mixing between the reactants and ensures complete utilization of
the liquid reactant without inundating the pathways for hydrogen
transport. Further, the miniature devices used in defense applica-
tions, such as cognitive anthropods, requires very low power. Their
power needs can be met by just a few tens of milliliters of hydro-
gen. To operate such devices, a slow and steady release of hydrogen
is desired. These requirements were at the basis of choosing a low
flowrate for the liquid addition. Scale up of hydrogen production
can be achieved by adding several of these devices in parallel.

3. Results and discussion
3.1. Effects of mode of contact on hydrogen yield

Fig. 2 shows the effects of the generator design on the hydrogen
yield with the addition of water. There is a lag time of approximately
10s between the beginning of water addition and the point when
the first bubble of hydrogen is noticed in the water column. The
hydrogen yield with stoichiometric amounts of water addition was
noted to be 26% and 35% with the generators Ry and Ry, respectively.
The low yields are attributed to the partial conversion of the NaBHj.
The improvement in the hydrogen yield with R, is attributed to the
mode of contact between the water and the solid borohydride.

3.2. Importance of acid accelerators

The reaction of NaBH4 with water results in a low hydrogen yield
due to pH stabilization of the reaction medium. This pH stabiliza-
tion is caused by the formation of the strongly basic metaborate
ions [27]. The addition of acids delays the formation of the metabo-
rate ions by shifting the pH of the reaction medium to lower values
which allows improved hydrogen yield. Thus, for a simple and rapid
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Fig. 2. Comparison of the hydrogen yield obtained after the reaction of NaBH4 with
different concentrations of HCl in the generators (a) Ry, (b) R, and HCOOH in (c) Ry,
(d) Ro. The flowrate of the liquid was maintained at 1 plmin-1.

generation of hydrogen, without the use of catalyst, one can con-
sider acid accelerators. The choices that are available for increasing
the hydrogen yield with acids, include selecting the type of acid
and/or changing the acid concentration. The effects of both these
choices on the hydrogen yield from NaBH, are reported below.

Two different types of acids were used: mineral acids with inter-
fering anions and benign acids with non-interfering ions. Bench
scale studies have shown that stronger acids can lead to greater
hydrogen generation rates by reaction of acids with sodium metab-
orate to form tetraborate [28,29].

Fig. 2 shows the effects of the water acidified with HCI and
HCOOH. The addition of acidified water is noted to improve the
hydrogen yield compared to the addition of water. For example, the
addition of 1N HCl improves the hydrogen yield from 26% to 52%
in the generator R;. It can also be noted that as the concentration
of the HCl increases the hydrogen yield from the NaBH, increases
(Fig. 2a). The hydrogen yield improves from 52% to 93% when the
HCI concentration increases from 1N to 3N. When one switches
from the generator Ry to Ry, the hydrogen yield is observed to be
97% with the addition of 3N HCl (Fig. 2b). Similar improvements in
the hydrogen yield were noted with the addition of 1N solution of
HCOOH. An almost linear increase in the hydrogen yield from 31%
to 70% is noted when HCOOH concentration changes from 1 to 6N
as shown in Fig. 2c. At concentrations greater than 6N, the hydrogen
yield was noted to be 86% at 12N. The hydrogen yield with generator
R, is 87% with 12N HCOOH.

The percentage of hydrogen yield obtained from the reaction of
NaBH4 with water and various concentrations of other mineral and
benign acids are compared in Table 2. Several observations can be
drawn from a comparative study of these results. For instance, it is
evident that all the mineral acids facilitate an increase in the hydro-
gen yield with an increase in acid concentration. The hydrogen
yields are significantly lower with the addition of HNO3 and H3POy4
as shown in Table 2 compared to HCl and H,SOg4. Benign acids in
general are required in higher concentrations (9-12N) to provide a
hydrogen yield similar to the mineral acids such as HCl and H,SO4.
Acetic acid shows a maximum of 78% hydrogen yield at a con-
centration of 9N. Further, a comparison of the performance of the
generators show that the flow-through type generator R; generally
results in a lower hydrogen yield compared to the diffuse-through
type generator R, at most acid concentrations. Three acids are iden-
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Table 2

Hydrogen yield from the hydrolysis of NaBH, in the presence of various acids of different concentrations.

Different acids Percentage? of hydrogen yield from NaBH4

H,0 HCl H,S04 HNO3; H3PO4 HCOOH CH3COOH

Reactors

R1 Rz R1 R2 R] R2 R1 R2 R] Rz R] Rz R1 Rz
Conc. 26 35
1IN 52 52 34 60 33 35 26 33 31 42 29 36
2N 69 81 69 78 55 63 39 41 40 44 43 44
3N 93 97 83 96 46 50 41 52 52 57 57 62
6N 76 68 80 67
9N 77 82 86 78
12N 86 87 76 51

2 Percentage of hydrogen yield is calculated by using the theoretical hydrogen yield of NaBH4 (905 mm?).

tified that demonstrates very high hydrogen yield. This includes
3N HClI (yield 97% in Ry), 3N H,SO04 (96% in R3), and 12N HCOOH
(87% in Ry ). The results presented in Fig. 2 and Table 2 shows that
hydrogen production using a solid-liquid heterogeneous chemical
system can be efficiently performed using small scale generators
by employing acid accelerators without the use of any catalysts.

3.3. Effects of acid addition on the initial rates of hydrogen
generation

The rate of hydrogen evolution for mineral acids at 3N can be
estimated from the yield vs. time data. A plot of hydrogen evolved in
terms of mm?3 hydrogen per mm?3 of reactants (the reactantincludes
both the volume of acidified water and volume of NaBH4) with
respect to time is given in Fig. 3 for Ry and Fig. 4 for Ry. The dot-
ted line represents the theoretical limit in the hydrogen production
using a unit volume of reactants. From these results, one can infer
that the addition of HCI gives a better overall hydrogen yield than
H,S04. However, depending upon the generator, during the first
10-30 min of the reaction, the addition of H,SO4 results in a higher
rate of hydrogen generation compared to HCl of similar concentra-
tion. Since the generator R, provides a better hydrogen rate as well
as yield than Ry with acidified water, the rates are examined for R,.
The initial rate of hydrogen release is calculated by considering the
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Fig. 3. The change in the hydrogen yield with time during the reaction of NaBH,4
with acidified water using reactor Ry is shown. Curve (a) represents the theoretical
amount of hydrogen that can be generated on reaction of NaBH4 with water. The
hydrogen yield after the addition of a 3N solution of (b) HCl, (c) H2SO4, (d) H3POy,
and (e) HNOjs at a flowrate of 1 wlmin~! is shown. All volumes are expressed on the
basis of 1 mm? of reactants.

hydrogen yield during the first 10 min of the reaction using the data
inFig. 4. This analysis shows that, H,SO4 gives the maximum hydro-
gen release rate of 83 mm3 min~! followed by HCI (57 mm?3 min—1).
It is also noteworthy to mention here that due to the high rates of
hydrogen generation, R, facilitates the liberation of ~70% of the
total generated hydrogen (600 mm?) in roughly half the time used
by the generator R;. The results of Figs. 3 and 4 confirm the better
mode of contact established between the heterogeneous reactants
through the design of the generator R.

3.4. Factors that influence hydrogen yield in heterogeneous
systems

From the preceding sections it can be inferred that the hydro-
gen yields vary with the type of acids used in both the generators.
This can be attributed to multiple reasons. Firstly, the strength of
the acid can be expected to play a crucial role on the hydrogen
yield. Secondly, the fact that this chemical system is heterogeneous
(liquid-solid); it raises the question about the role of interface in the
hydrogen yield. Thirdly, it is not unreasonable to expect that boron
chemistry can contribute to the changes noticed in the hydrogen
yield. These possibilities have been examined and are the subjects
of discussion in the remaining part of this paper.

1000
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Fig. 4. The change in the hydrogen yield with time during the reaction of NaBH,4
with acidified water using reactor R, is shown. Curve (a) represents the theoretical
amount of hydrogen that can be generated on reaction of NaBH4 with water. The
hydrogen yield after the addition of a 3N solution of (b) HCl, (c) H2SO4, (d) H3POy,
and (e) HNOs at a flowrate of 1 wlmin~! of the acidified solution. All volumes are
expressed on the basis of 1 mm? of reactants.
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Fig. 5. SEM images of pure NaBH4 powder (a) prior to reaction, after the reaction with (b) water, (c¢) 3N HCI, (d) 3N H,SOy4, () 3N HCOOH, and (f) 3N CH3COOH. The liquid

flowrates were maintained at 1 wlmin-! in all experiments.

3.4.1. Effects of acid strength

The strength of the acid is a measure of the dissociation of the
acid in an aqueous media. The dissociation constant (estimated
from pK, values) are specific to the acids. In general, strong acids
have a high dissociation constant (low pK, values) compared to
weak acids. The acids considered in this study have a wide rang-
ing pK; values: HCI (—8), HySO4 (—3), HNO3 (—1.3), H3POy4 (2.12),
HCOOH (3.77), CH3COOH (4.76) [30,31]. Strong acids have a high
dissociation constant and therefore release a large concentration
of H* ions. The high concentration of H* ions promotes accelerated
hydrolysis of the borohydride. The hydrogen yield can be enhanced
by the release of H* ions as it drives the pH low [32]. Thus, the
high hydrogen generation rate as well as the yield observed in the
presence of HCl and H,SO4 compared to the other acids can be
attributed to the low pK; values of these acids.

3.4.2. Reaction interface and effects of interfering anions

The second possibility pertains to the heterogeneous nature of
the chemical system. In heterogeneous systems, the reaction inter-
face plays a crucial role in controlling the reaction rate and the
hydrogen yield. The factors that can contribute to the role of inter-
face include interface porosity and composition of the byproducts.
In order to maximize hydrogen yield, the reaction interface should

permit the transport of the liquid reactant for further reaction with
the unreacted NaBHy. Ideally, the interface should act as a wicking
agent so that the contacting liquid reactant will be automatically
and evenly distributed. Besides, the interface should demonstrate
the necessary properties (such as porosity) to allow free move-
ment of the reactants and the product (mainly hydrogen) out of the
reaction zone. This can be facilitated by the formation of porous
interface and/or byproducts that are highly soluble and hence can
promote liquid transport. One can follow these changes at the inter-
face using SEM and XRD. These techniques were used to examine
the interface structure and its composition after the reaction to elu-
cidate possible relationships between interface morphology and
hydrogen yield.

SEM images of byproducts formed after the reaction with water,
3N HCI, H;SO4, and HCOOH are shown in Fig. 5. The unreacted
NaBH,4 has a porous surface due to the fine granular nature of the
particles (Fig. 5a). Shortly after reaction with water the interface
appears as a complete continuous layer with negligible poros-
ity (Fig. 5b). On the other hand, it can be seen that the interface
morphology has been significantly modified by the reaction with
acidified water. A change in the roughness due to the formation
of several pores along with the formation of cracks can be noted
(circled locations in the images). In Fig. 5c, the SEM image of the
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interface formed after reaction with HCl leads to denser and more
uniform pores, whereas the pores are sparsely located on reaction
with H,SO4 (Fig. 5d). It is important to mention that reaction with
HCl and H,S0O4 leads to the formation of these pores almost instan-
taneously. On the other hand, the reaction with HNO3 and H3PO4
does not show the pore formation as explicitly noticed with HCI or
H,S04.

In the case of the benign acids, no pore formation can be noticed
with either formic acid or acetic acid. The surface appears to be
unaffected after the addition of the benign acids (Fig. 5e and f).
These observations imply that the weak acids at low concentrations
do not facilitate the formation of a porous interface.

Instantaneous reaction with NaBHy is expected in the presence
of highly dissociating strong acids such as HCl and H,SO4. This
causes a sudden generation of large volumes of hydrogen within the
liquid-solid interface. The limited volume available in the genera-
tor interface forces this hydrogen to physically carve out a pathway
downstream. This can be at the basis of the distinct pores noted at
the interface on reaction with HCl and H,SO4. Note that absence of
such pore formation with the other acid such as HNO3, H3PO4 or
the benign acids can be attributed to the lower hydrogen genera-
tionrates and yield following the reaction with these acids. The data
from Table 2 shows that this can be offset by increasing the normal-
ity of the benign acid (12N HCOOH provides higher hydrogen yield
that 3N HCOOH).

Another interesting observation can be made by comparing the
hydrogen yield using benign acids with HNO3 and H3POy. In spite
of the low dissociation constant values of the benign acids, com-
pared to mineral acid, the benign acids show higher hydrogen yields
than H3PO,4 and HNO3 (Table 2). This means that the dissociation
is not the only factor that influences hydrogen yield. It then raises
the question: what causes the benign acids with lower dissociation
constant to produce higher hydrogen yield than HNO3; or H3PO,4?
One possible explanation could be that the solubility of the byprod-
ucts can be influencing the hydrogen yield. To verify this, a closer
look at the byproducts formed after the hydrolysis of the NaBHy4
was pursued.

XRD was used to identify the composition of the interface prod-
ucts formed after the reaction with 3N acids. X-ray diffractograms
obtained for NaBH, and the reaction products with water are given
in Fig. 6. The peaks were identified with MDI Jade 6.5 database. The
diffraction peaks in Fig. 6a corresponds to NaBH,4 (JCPDS card # 09-
0386). The reaction of NaBH, with water yields different products

(Egs. (1)-(3)).
NaBH4 +4H,0 — NaOH + H3BOs5 +4H, (2)
NaBH, (aq) + 4H,0 — NaB(OH)4(aq) + 4H, (3)

Egs. (1)-(3) show that the products of reaction with water vary.
NaBO, is the only peak detected among the byproducts follow-
ing the reaction with water (JCPDS card # 37-0115, 26 =29.06°) as
shown in Fig. 6b. Peaks corresponding to NaOH and NaB(OH),4 could
not be detected. From these observations, it can be inferred that the
likely pathway for the hydrolysis of NaBH,4 in the presence of water
is through Eq. (1).

When the different acidified water reacts with NaBHy4, the likely
products are corresponding sodium salts of the conjugate bases
(anionic sodium salts) and boron compounds. A generalized form
of reaction between NaBH4 with any acid can be written as

NaBH4 +acid + H,0
— Hjy +sodiumsalt + NaBO, +H3BO3 + B(OH)3; + B,03 4)

where acid = HCl, H,SO4, HNO3, H3PO,, HCOOH and CH3COOH.

o NaBH, (# 090386)
+NaBO,(# 37-0115)
@ NaCl (#05-0628)

* Na,SO, (# 86-0801)

B,0, (#76-0470)

(d)

Intensity /a.u.

20 30 40 50 60 70 80
20 /degree

Fig. 6. XRD patterns of pure NaBH4 powder (a) prior to reaction, after the reaction
with (b) water, (c) 3N HCl, (d) 3N H2SO4. The liquid flowrates were maintained at
1 plmin! in all experiments.

The XRD of NaBH4 was compared to the XRD of the products
formed with 3N HCI. In Fig. 6¢, a peak corresponding to NaCl (JCPDS
card # 05-0628) is evident as marked. Besides, another peak at
20=29.15° is also distinctly noted. This could correspond to H3BO3
(JCPDS card # 23-1034). However, this peak is very close to the
peak noted for NaBO, (JCPDS card # 37-0115, 260 =29.06°). Hence,
this peak could not be clearly identified. However, the fact that
NaCl is detected from other peaks (26 =45.7° and 56.9°), suggests
that hydrogen is indeed produced through the route proposed in
Reaction (4). Fig. 6d shows the XRD of the products formed after
reaction with H,SOg4. The peaks 20 =22.86° and 32.98° corresponds
to Na;SOg4 (JCPDS card # 86-0801). In addition to these peaks, boron
compounds such as B;03 was identified from this reaction (JCPDS
card # 76-0470, 260 =31.22°).

The reaction of NaBH4 with HNO3 and H3PO, (Fig. 7a-c) results
in the formation of the corresponding anionic salts NaNO3 (JCPDS

| +Na,PO, (# 84-0196)

L & NaNO, (# 89-2628)
@HCOONa (# 11.0724)

* CH3COONa (# 28-1029)
© NaBH,{# 09-0386)

(e)

Intensity /a.u.

20 /degree

Fig. 7. XRD patterns of pure NaBH, powder (a) prior to reaction, after the reac-
tion with (b) H3POy, (c) 3N HNOs, (d) 3N HCOOH, and (e) 3N CH3COOH. The liquid
flowrates were maintained at 1 wlmin~! in all experiments.
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card # 89-2828, 20=29.45°) and Na3PO, (JCPDS card # 84-0196,
20=33.72°). Along with these salts, a boron compound H3BO3
(JCPDS card # 23-1034) was also detected. When HCOOH and
CH3COOH react with NaBHy, they form the sodium salt of anions
in a manner similar to that noted with mineral acids. A peak at
260 =32.32° corresponding to HCOONa (JCPDS card # 11-0724) and
CH3COONa at 260=29.98° (JCPDS card # 28-1029) are identified
along with boron compounds (Fig. 7d and e). In the case of acetic
acid, the formation of a hydrated product (CH3COONa-3H,0) is
possible as reported in related literature. However, the formation
of CH3COONa-3H,0 (JCPDS card # 29-1160 at 20 =29.73°) has not
been clearly identified since the salt and the hydrated species have
the same 260 value. The formation of hydrated products can also be
correlated to the lowering of hydrogen yield [33].

Thus, the XRD analysis of the reaction interface indicates that, a
host of byproducts can be simultaneously formed as a result of the
reaction between NaBH,4 and various types of acidified water. Based
on this XRD analysis the specific reactions that occur in the presence
of different acids are listed in Table 3. It is noteworthy to mention
that the stoichiometric amount of hydrogen generated per mole of
the borohydride remains the same irrespective of the type of acid
used as accelerator. This allows one to choose either mineral acid or
abenign acid to produce hydrogen depending upon the needs of the
application. Further it can be noted that CH3COONa and HCOONa
are the byproducts of the reaction with the benign acids. The sol-
ubility of these byproducts is very high (97 g per 100 ml of water
for HCOONa and 76 g per 100 ml of water for CH3COONa) [34]. The
high solubility of the byproduct means that water associated with
the byproducts can reach unreacted NaBHy in spite of the absence
of any pores (as noted from SEM images) allowing for continued
hydrogen generation. This is the reason for higher hydrogen yield
with benign acids compared to the HNO3 and H3POy.

3.4.3. Effects of borate species on porous pathway formation

A third possibility arises as a result of the unique chemistry
of the borate byproducts. From the XRD analysis, it is understood
that several reactions lead to the formation of a number of borate
compounds (NaBO,, B,03, H3BO3, and B(OH)3). These borate com-
pounds can be formed with a varying number of water molecules
associated with it a few examples of such compounds include
borax pentahydrate (NaB40--5H,0) and sodium metaborate dihy-
drate (NaBO,-2H,0) [33,35]. Borates such as Na;B407-10H,0,
Na;B407-5H,0 and H3BO3 with B:H,O ratios of 2:5, 4:5, and
1:0, respectively, are formed by the reaction of acids with solid
sodium borohydride. These compounds sequester less water on a
per boron atom basis than the borate compounds typically pro-
duced by hydrolysis of a sodium borohydride solution, and thus
reduce the demand for additional water. Though these hydrated
species are difficult to identify through XRD, some literature reports

Table 3
The different reactions that occur during hydrolysis of NaBH4 with mineral and
benign acids.

Reaction Mineral acids

1 HCl: NaBH4 + HCl + 3H,0 — NaCl + H3BOs +4H,

2. H»S04: 2NaBH4 +H,S04 + 6H,0 — Na; S04 +2H3BO3 + 8H)

3. H,S04: 2NaBH4 +H,S04 + 6H,0 — NaySO4 +2B(OH); + 8H,
4. H,S04: 2NaBH4 +H,S04 + 6H,0 — Na;SO4-3H,0 + B, 03 + 8H;
5. HNOs: NaBH4 + HNOs +3H,0 — NaNOs; + H3BOs3 +4H,

6. H3POy4: 3NaBH4 +H3P0O4 +9H,0 — Na3PO4 + 3H3BO3 + 12H,

Reaction Benign acids

7/, HCOOH:  NaBH4+HCOOH +3H;0 — HCOONa +H3BO3 +4H;
8. CH3COOH: NaBH4 + CH3COOH +3H,0 — CH3COONa + H3BO3 +4H;
<), CH3COOH: NaBH4 +CH3COOH +5H,0 — CH3COONa-2H,0 + H3BOs3 +4H,

suggests the possibility of hydrated species formation can be iden-
tified through NMR [36]. These hydrated species also facilitates the
movement of hydrogen by forming porous structure through dif-
fusion as noted from the SEM images in Fig. 5. In our reactions we
have used stoichiometric amount of water and acidified water to
enhance hydrogen conversion efficiency. On the other hand, when
excess water is used in these reactions, the formation of these
hydrated species is predominant. Flooding of the hydrated borates
will stabilize the reaction medium and decrease the reaction rate
and consequently the hydrogen yield.

These observations confirm that several factors, proposed ear-
lier, contribute to the hydrogen generation rates and yield in
heterogeneous small scale systems. Instantaneous generation of
large volumes of hydrogen and byproduct solubility can manipulate
the porosity, roughness, and liquid transport. Such interfacial trans-
formation influences the free movement of liquid to the unreacted
borohydride and alters the hydrogen yield. The proposed system is
unique in that a simple one-step catalyst-free hydrogen generation
from borohydrides by manipulating the pH of the hydrolysis media
is presented. At extremely small dimensions we believe that this
system can be user friendly as it can help mitigate the issues that
can be a limitation with catalyst based systems.

4. Conclusions

The effects of the addition of several mineral and benign acids
on the catalyst-free efficient production of hydrogen from solid
borohydride using a small scale device have been demonstrated. A
diffusion type contact provides higher hydrogen yield with 70% of
the hydrogen delivered in half the time compared to a flow through
type device. Acid concentration and surface morphology change
are identified as critical to the production of hydrogen with high
yield in the absence of catalyst. Three chemical systems were found
most promising to produce hydrogen with very high efficiencies
(~90%). These include, 97% of hydrogen yield (NaBH,4 and 3N HCI),
96% (NaBH,4 and 3N H,SO4), and 87% (NaBH4 and 12N HCOOH).
The hydrogen generation rates, salt composition, and borate forma-
tion are likely to influence the interface morphology and are critical
to maintain continued contact between the reactants to maximize
hydrogen yield.
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